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ɆÒǊ¨̅˧˭̙ʥÑBȑ̕ŏÀBȑ̄̃̇þʤBȑ̇ɸƥ̕ĝe̝ǉɗ˴̙

�̈ͭʪéóĐ̸̶͐ͤ̇ɗŃ̕ʪÔíƀ̇dśǙ̄RǉĻƋ̝Ĩţ˴̙�́ʢ

Ɏ́ˣ̙ˡ˲˨˲̄˩̗,˯̗̚þʤBȑ̈ÖǤ̕ʪƿ�́�ȮǙ̅þʤĐT́ˣ̙

˺̓,I¶Bȑ̇ôˌ̝ȤĎ˴̙āɎ˩ˣ̙ˡʠfʜBvĂ̅ĲČ́�ǈɆÒ̅ň

ʓǙ̅¶�˴̙ʧ̈ͭʠfǙ̄Ǌ΅̈�0̇ʧƀʠfƿ̝óĐ˴̙ˡ˯̇ʧƀʠ

fƿ̈ͭþȒ̄ȉ´÷̅ǎŖ˴̙Ü°̄ŽɆˊǷ̂'ȖŊĆ̂ˤ˥ǀĆ̝ŏ˴̙˯̂

˨̗ͭvĂĆ˩ˉã̅˙˫þʤBȑ̇ĝe̅°˪̄ôˌ̝�˦̙�˩ǣ̗̀̚ˤ̙ˡ

˲˺˩˽̀ͭɆÒǊ¨̅˧˭̙þʤBȑ̇ĝe̝Ń̗˨̅˴̙̅̈ͭʧ̇ĝe̝ǉɗ

˴̙āɎ˩ˣ̙ˡɆÒǊ¨̅˧˭̙ʧ̂þʤBȑ̇ĝe̅ʵ˲̀̈ͭ¯˫̇¿K¾˘

Ȍ˧̖̊±ƻȌ̇ǧǸ˩Ɂ̜̀̚˧̘ͭĔƋ̔¯Õ̅Ɵ̙ˡʆç̇¯ʢŧS��ɥ

ËȖ~̷͖͐͠ɵʤTřɈȢ̇ǖÐ̖̘̅Ƣ¼˩zȨ̂̄˽˺ʥÑº¼�&)̇�

˾́ˣ̙ʧ�&)̔ͭ�ǈf¸Tʣ̅˧ˤ̀Ǝǝ˰̀̚ˤ̙ĔƋ̇�˾́ˣ̙ˡʧ

�&)̈ʠfʜB̝�̒Ŭˢ̄�ǈf¸̸̶̝͐ͤǉɗ˴̙ñb̄̀ͩ́͢ˣ̘ͭ

DɁǧǸ̖̅˽̀ͭ˸̴̶̶̡͖̬̇́́˩Ń̗˨̘̅̄˾˾ˣ̙ˡ˲˨˲̄˩̗ͭʪé

̕ʪÔíƀ̅ĂǍ˲˺ǧǸ.̈Í̄˫ͭ˯̗̇̚Ǌ¨�́̇ʧ�&)̇ĝe̅˾ˤ

̀̈̐˻�Ń́ˣ̙ˡ̬ͤ̈͘ʧ̂�Ŭ̅ʠfʜBǊ¨̅ĲČ́ˣ̙˩ͭʧ̂̈ǔ̄

̙�&)ĝe̝Ǯ˴˺̓ͭ	ȥ̝Ȕ̑~̜˶̙�̖̘́¯˫̇Ĉ£˩û̗̙̚�˩Ő
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ø˰̙̚ˡ˸˯́œǧǸ́̈ͭʪé̕ʪÔíƀ˧̖̊˸̇�ʄ̇ƉÙ̕�«̄̃̇

Ǌ¨ɡĸ̅˧˭̙ʧ�&)̇ĝe̝Ń̗˨̅˴̙�ͭ̐˺ͭʧ̬ͨͤ͘�&)̝�̒

Ŭˢ̄�ǈf¸ǙĜŭ̂�ǈf¸͚̭̝͂ͦ͡Ǎˤ̀ʧ˧̖̊þʤBȑ̇ĝê˸

̗̝̚Įʟ˴̙Ɏ�̝Ń̗˨̅˴̙�̝ǝǙ̂˲˺ˡ 

˛ œɫķ̈ 5 Ǽ́ūĐ˰̀̚ˤ̙ˡǾ 1 Ǽ̈êɫ́ˣ̘ͭǧǸ̇ȧŉͭǝǙ̅˾ˤ̀

Ǯ˲˺ˡǾ 2 Ǽ́̈ͭʪǤ̕�«̄̃̇Ǌ¨ɡĸ�̇ʧ˧̖̬̊ͤ͘�&)̇Tř

ĔƋ̇ʳǖ̝ǝǙ̂˲ͭɡĸ̇ōʙ̄ƩɗĻƋ̇ŧɛ̂̽͏̶̢̬͋̇͢,ɋ˧̖̊

Třȋì̇ǫɤ̝Ɂ˽˺ˡǊ¨ɡĸ̂˲̢̮̀ͭ͆̿́̓͢͠͠ʪé̇ŻÖͭɆÒͭŭ

ƦÖǤɡĸ̇ JP-1 ̝ɹˋƌTĳ̢͖̬̣̤ͭͤͩ͏TɗɈȢͭ˙ơ˙�TɗÁ�̂

ƚʠ̝Ǎˤ̀Tɗ˲˺ùͭBȑ�wǅ̝ƃ̓˺ˡȖś̖̘ͭʧ̬ͭͤ͘˧̖̊˯̗̇̚

�&)Tř̇ˀ̅åƝBȑ̵̙̼̣̮̂̄̾ͦͭ͊ͭ͆̿̈͘͢ͅ˙ơ˙�TɗÁ�

̂ƚʠ̖̙̅ƩɗƋ̅˧ˤ̀˙ˤ�wǅ̝Ǯ˲ͭǊ¨ɡĸ̅ʙ˲˺ƩɗƋ̂˲˺ˡ̐

˺ͭ50Cr-54Cr ̽͏̶̢̬̝͋͢,ɋ˲ͭɆˊˆ˃�ɵʤTřɚ̝Ǎˤ̶̢̬̀͋̇�

&)ȔĐ̝Ɔ¼˲˺ˡ̽͏̶̢̬̝͋͢Ǎˤ˺ JP-1 ̇Tř9̈DɁǧǸ̂Ū̆�ȭ

˲̀˧̘ͭ̽͏̶̢̬͋͢Ƌ̖̙̬̅ͤ̇͘º¼�&)Tř˩zȨ̂̄˽˺ˡ 

Ǿ 3 Ǽ̶̠̠́̈ͭͣͩɋʮ̅$˥ƄŜBȑ̇ɸƥ̂ĝėɗŃ̝ǝǙ̂˲͖ͭͣ

̴̠ͩ̇ʢʪƿɋʮ¤̂˸̇�ʄ� ̅˧ˤ̶̶̡̮̼̝̀ͩ͂¾ļ˲˺ˡ¡ǭƀɵ

Tř̇Ȗś̖̘ͭɋʮ¤̅ō̔ʆˤƉÙ̈'ˤ pH ̂˙ˤʧ̣̣̠̠ͭ̓ͭͦͭͣ͘͡͠

̶ͩƲì́ǀÿ�˭̗ͭ̚�ƹǙ̄ôˌ̝y˭̀ˤ̙�̝Ń̗˨̅˲˺ˡ̐˺ͭƉÙ

ƀ˧̖̊¢Ƿƿɡĸ̇ʨ�&)Ž̶̠̠̼̂ͣͩ͋ͩͦ̇˓%Ć˨̗ͭ˯̗̇̚ƄŜ

ƥ˩ʢʪƿɋʮ̇íƪ̅ǎŖ˴̙˯̝̂Ń̗˨̅˲˺ˡ˰̗̅ͭƄŜƉÙ̇ʧ�&)

Tř̇Ȗś̈ͭʧ̇ɸƥ̔íƪ́ˣ̙�̝Ǯ˲ͭƄŜƉÙ�́ƺŰǙ̄ʠfƇźv

Ă̖̘̅ʧƀʠfƿ˩ǋĐ˲̀˧̘ͭ˸̇�ʝ̢̰̈ͤ̈́č̂˲̀�Ɠ̌ʂʉ˰̀̚ˤ

̙zȨĆ˩ˣ̙�̝Ǯ�˲˺ˡƄŜƉÙ�̣̣́̓ͭͦ̈͘͡͠�Ɠ̅$ˤȫƻƔf˰

̀̚˧̘ͭ�ǈf¸͚̭̖̙͂ͦ̅͡ʪƿƇź˧̖̊ʧʪƿ̌̇Ɇˊʯ)̝ȤĎ˲˺
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ƽb¸ɚȁ̇Ȗś˨̗̣ͭ̓̈͘͡ƀʠfƿ̂˲̀Ƈź˴̙�Ļ̣ͭͦ̈͠ʧƀʠfƿ

̌̇Ɇˊʯ)óĐ̖̅˽̀ƉÙƀ�˨̗ʺs˰̀̚ˤ̙�˩Ń̗˨̅̄˽˺ˡ˯̗̚

̇Đś̈ͭʧ̕ʨ̇�&)˧̶̖̠̠̼̊ͣͩ͋ͩͦ̄̃̇�ǈf¸ǙĜŭ̈ͭ˓

%˲˺Ǌ¨ôˌ˩�ĉ˰̶̙̠̠ͣͩ̚ɋʮ̇Ǉ¤̅˧ˤ̀̔ŏd̄Ĝŭ̘̂̄û̙

�̝Ǯ˲˺ˡ 

Ǿ 4 Ǽ́̈ͭɹȴʧɵÖ̇f¸˔f̖̅˽̀óĐ˴̢̙̮͆̿́̓͢͠͠ʪé̅˧

˭̙̠͙̼ͣ̇͢ǳeͨƲˁ̸̶͐ͤ̇ɗŃ̝ǝǙ̂˲̴̢͇̠̮ͭͦ̈́̇͆̿́͢͠͠

̢̓ʪé̅˧ˤ̀ŻÖ̕˔fì̇ǔ̢̙͎̟̄͐ͤ̇͢�ǈf¸Ǚǀÿ̝Žʁ˲˺ˡ

}Bȑ̝̼̾ͦƲì́ɑšf˲˺Bȑǳeì̇ƙìf̖̘ͭɎBȑ̢̮̇ȑ̕

̴͖̭͇̣̈͘˔f̖̅˽̀ÖǤ˨̗̎̏»G̅ƩȪ˴̙̇̅Ç˲ͭʧ̠̣ͭ͗͆ͭ͘͢

̬̮͖̩̰ͤ͆̿ͭͦͦͭ͊̓̈͘̕͢͢�c˰̀̚ˤ̙�˩Ń̗˨̅̄˽˺ˡ̐˺ͭ˯

̗̇̚Bȑ̈ōɆÒ́̈ƩȪ̝Ǯ˲̼ͭ̾ͦ�®̇Bȑ̈ɆÒ˨̗�Ò̅ǳe˲̀

ˤ̙�˩Ǯ�˰̚˺ˡ˰̗̅ͭBȑǳeì̝¡̅ƃ̓˺ʧ̮̂͆̿̇͢ǳeʤ̅̈ͭ

G̢͎̟̀̇͐ͤ̅͢˧ˤ̀ų̇ǟʵ˩ɐ̗̚˺�˨̗ͭ˔fʔǴ̮́͆̿̈͢ʧ̂

̂̔̅ǳe˲̀ˤ̙�˩Ǯ�˰̚˺ˡ�Ļ͖̩̰́ͭͦͦͭ͊̓̂͢ʧ̇ǳeʤ̇ǟʵ

̈ð˫ͭ̐˺ͭʧʪƿ�̞̅̎̂̃�̐̄̚ˤ�˨̗ͭ˯̗̇̚Bȑ̇ǳe̸̶͐ͤ̌

̇ʧ̇ôˌ̈Ì˰ˤ̂Ȥ˦̗̙̚ˡʧ̮̂͆̿̇͢�cʤ˩ō̔˒ȷ́ˣ˽˺͎̟͐ͤ
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1.1 ɆÒǊ¨̅˧˭̙ʧ̇�ǈf¸Ǚǀÿ̂þʤBȑ̌̇ôˌ 

đˢ̇ǯ"ƒe̝Į˦̙DǽǌṸ̈ʥÑɴƥ˩¯˫YǍ˰̀̚˧̘ͭǌŨĕɂ

̇ǖÐ̕˙ìf̅$ˤ˸̇ʢɎì̈©˲̀ˤ̙ˡ�ȮǙ̅ͭʥÑBȑ̈�Ź̝ūĐ

˴̙ÖǤ̕ʪƿ�́̈þʤĐT́ˣ̘ͭɴƥ̂˲̀YǍzȨ̙̅̄̅̈ǳeͨƲˁ˩

āɎ�zű́ˣ̙ˡŬˢ̸̶̝̄͐ͤȕ̀ȕƜǙ̅ĤĢzȨ̙̅̄̐́Ʋˁ˲˺¤

~̈ʪé̂˲̀ʥÑɴƥ̙̂̄ˡ�ĻͭĤĢ̕ʚʪͨɋʮʔǴ̅˧˭̙ŏÀBȑ̝�

̞˻ʪíƀ̇ġS̄̃ͭɴƥ̇YǍ̅$̜̙̚Bȑ̇ǳëͭ�ǈœŖ̇ƿɵýǊ

̝į˲Ǌ¨�ˑ̝ï˪ɸ˯˴ˡ˲˺˩˽̀ͭɆÒǊ¨̅˧˭̙þʤBȑ̇ĝėǉ

ɗ̈ͭdǅǙ̄ʪéĥŝ̕ʙŪʪíƀ̇RǉƋ̇Ĩţ̄̃ͭɴƥʳǖ˧̖̊Ǌ

¨�ˑ̇ɗƆ̅ʢɎ́ˣ̙ˡ̐˺ͭÖǤ�ͭƀ�˧̖̊ǋƿ�˩ñ˫ǟ�,Ǎ˴̙Ɇ

ÒǊ¨̅˧ˤ̀�ɵŇ�̝ʌ˲óĐ˰̚˺ʪéͭ̕ʪíƀ̂ˤ˥Ǉ�̇�ǈǊ¨̅

̈�ǈɆÒ̇ʐf̕ƿɵýǊ̅ʵ˴̙Ĉ£˩QȠ˰̀̚˧̘ͭ˯̗̇̚ǉɗ̈�ǈ

{̇ɗɨ̕ÊŖ�Ƣ̂ˤ˥ɕƸ˨̗̔°˪̄Ċȣ̝ŏ˲̀ˤ̙ˡ 

�ȮǙ̅ʥÑBȑ̈þʤ̄˺̓ͭǊ¨�́̇ĝëI¶˴̙Bȑ̇ôˌ̝y˭

̙ˡ�Ź�́ 4 Ǔǝ̅¶�ì˩˙˫ͭ (ƀ) ʠfƿͭǪfƿͭǆʠ¦ͭƷʠ¦˧̖̊

ͦ͡ʠ¦̄̃¯Ŭ̄ʪƿǟ̂˲̀ɆÒǊ΅ňʓǙ̅¶�˴̙ʧ (Fe) ̈�ɆǙ̄

I¶Bȑ́ˣ̙ˡFë-2˨̗+6̐́̇ʠfĴ̝x̘˥̙˩ͭɆÒǊ¨̅˧ˤ̀̈̅

ƽb¸Ǚ̅º¼̄ Fe (II) ̔˲˫̈ Fe (III) ̇óč́¶�˲ͭʠfʜBvĂ̅ʵ˲̀

°˪̄õa̝ś˺˲̀ˤ̙ˡ.˦̉ͭFe (II) ̈ǞĦǙ̄ˆ´̇Ġy̖̘̬̅ͤ͘ (Cr) 

̕Ǧȑ (As) ̄̃̇ʥÑBȑ̝ʜB˲ͭCr ̅ʵ˲̀̈ǳeĆ̂żĆ̇˙ˤ Cr (VI) 

˨̗ǳeǋ̂żĆ̂̔̅'ˤ Cr (III) ̝ͭAs ̅˾ˤ̀̈ As (V) ˨̗żĆ̇˙ˤ As 

(III) ̝ǋĐ˴̙ (Fig. 1.1: Taylor and Konhauser, 2011)ˡ̐˺ͭʪíƀ̖̇˥̅'ˤ pH

Ǌ΅̈Ʃ¶ Fe (II) ̂˲̀¶�˴̙˩ͭ˅ƀ̕ƉÙƀ̖̇˥̄ʠfǙ˨˾�Ć̇Ɇ

Òƀ̕˯̖̇˥̄ƀ˩ƚ~˲˺ʪíƀ̇Ǌ΅̈ͭFe (II) ̖̘̔ Fe (III) ̇Ʃɗì˩

'ˤ˺̓ͭ˲̉˲̉ Fe (III) ƀʠfƿ (e.g., ferrihydrite (Fe5HO8ͨ4H2O), goethite 

(FeOOH)) ̂˲̀¶�˴̙˛ (Fig. 1.2: Baes and Mesmer, 1976; Helgeson, 1978)ˡ˰̗̅

ɆÒǊ¨̖̇˥̅'ơǊ΅ǋĐ˰̚˺ Fe ƀʠfƿ̲̈͏̬͗ͤͦ˨̷̢̗͈̲̂ͅ

þȒ́ˣ̘ͭÜ°̄ŽɆˊǷ̂ǀǔ̄Ɇˊˆȶ̝ŏ˴̙˯̂˨̗ͭͦ͡ (P)ͭAs̸ͭͣͦ 

(Se) ̄̃̇ʻ̢̧ͦ˧̖̊ʫ (Cu)ͭ�ʨ (Zn)̨̣ͭ̈́͗͘ (Cd)ͭʨ (Pb) ̄̃̇ʽ̢
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̧̝ͦ�ǡ˴̙˯̂˩ǣ̗̀̚ˤ̙ (Dzombak and Morel, 1990; Jambor and Dutrizac, 

1998; Cornell and Schwertmann, 2003)ˡ̐˺ͭ'ȖŊĆ́ˣ̘ūʎ̅ŵ̝̑ě˾˯̂˨

̗ͭ��Ȣĩ̢̧̖̘̅ͦk÷̕0Ĵ˩˓%˲˺Bȑ̝IƇ˰˶̙ (Cornell and 

Schwertmann, 2003)ˡ˯̗̈̚þȒ́ˣ̙˺̢̰̓ͭͤ̈́č̂˲̀ƉÙ̕Ɩƀ�́ƀƓ

̖̘̅ʘĻ̌ͭ�«�́̈ʴʿƀ̖̘̅ƙʝ̌ AsͭCuͭPb ̄̃̇ŏÀBȑ̝ʂʉ˴

̙¤~˩ˣ̙ (e.g. Zanker et al., 2002; Hochella and Madden, 2005)ˡ˰̗̅ͭ�«̕Ɇ

Òƀ�̅�̙̐̚ŏŰƿ̕þǋƿ̄̃̈ Fe ƀʠfƿ̇Qˁ̕Ʃɗ̂ˤ˽˺vĂ̅

ñ˫ʵ�˴̙ (e.g., Karathanasis, 1999; Waychunas et al., 2005; Hassellov and von der 

Kammer, 2008; Theng and Yuan, 2008)ˡ˯̖̇˥̅ FëvĂĆ˩˙˫ͭ�«ͭƉÙͭ�

�ƀͭƖƏ̄̃̇ɆÒǊ¨̅˧ˤ̀ʢʥÑBȑ̕ŏÀBȑ̝�̒¯˫̇þʤBȑ

̇ĝe̅ôˌ̝�˦̙ (Hassellov and von der Kammer, 2008)ˡ˯̗̇̚Ǌ¨̈ͭFe 

(II) ̂þʤBȑ˩ʠfǙ̄Ǌ¨̅/ȗ˰̙̚¤̂˲̀Iʌ˲̀˧̘ͭ˔fʪé̕ʪí

ƀ̅˧ˤ̀̔˓%˲˺Ǌ¨˩ĉ¼˰̙̚ˡ˲˺˩˽̀ͭɆÒǊ¨̅˧˭̙þʤBȑ̇

ĝe̝Ń̗˨̅˴̙̅̈ͭFė�ǈf¸Ǚĝėǉɗ˩āɎ�zű́ˣ̙ˡ 

 

1.2 DɁǧǸ̇�ˑƸ̂œɫķ̇ǝǙ 

FêþʤBȑ̇ĝe̅ʵ˲̀̈¯˫̇¿K¾˘Ȍ˧̖̊±ƻȌ̅˧˭̙ǧǸ˩Ɂ

̜̀̚˪˺ˡ.˦̉ͭ¿K¾˘Ȍ́̈ͭŬˢ̄ŕ��́̇ Fe ʪƿ̖̙̅þʤBȑ̇

�ǡͨIƇ¾˘˩ (e.g., Cornell and Schwertmann, 2003)ͭ±ƻȌ́̈ͭX Ȟ�wþ

Ȓūʎ̖̙̅ Feʪƿ�̇þʤBȑ̇f¸óčTřͭ�ǈf¸vĂ͚̭̖̙͂ͦ̅͡

ʪƿ̇ƩɗͭƇźͭɆˊʯ)͚͂̇͢ūȅ̄̃˩ĝˮ̗̙̚ (e.g., Hsi and Langmuir, 

1985; Carvalho-E-Silva et al., 2003; Sherman and Randall, 2003; Akafia et al., 2011; 

Janots et al., 2015; Dublet et al., 2017)ˡ̐˺ͭƀȑ, Ʒȑ, ʠȑ, Ǫ˚̂ˤ˽˺ʀBȑ

º¼�&)˨̗̈ͭ̅ʥÑBȑ̇ǳe³)́ˣ̙ͭƓ)̇ɸƥͭơìͭʪƿƇź

ŕ�̅ʵ˴̙Ĉ£˩û̗̙̚˯̂˨̗ͭƓ)̇ɸƥ̕vĂ̸̶̝͐ͤǉɗ˴̙�́ŏ

d̄�ǈf¸ǙĜŭ̂˲̀Ǎˤ̗̀̚˪˺ (e.g., Ohmoto, 1986; Taylor, 1997)ˡ˲˨˲

̄˩̗ͭ˯̗̚ʀBȑ�&)˨̗û̗̙̚Ĉ£̈̅³)̂˲̀̇Ɠ)̅ʵ˴̙̔̇

́ˣ̘ͭʪéóĐ̅ʵ̜˽˺ʥÑ̇ɸƥ̕vĂ̸̶̝͐ͤǮ˴ǞĦǙ̄ɟę́̈̄

ˤˡ�Ļ́ͭʆç̇¯ʢŧS��ɥËȖ~̷͖͐͠ɵʤTřɈȢ (Multi-Collector 

Inductively Coupled Plasma Mass Spectrometer: MC-ICP-MS) ̇ʳǖ̂ǖÐ̖̘̅˙
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ȋìƢ¼˩zȨ̂̄˽˺ʥÑº¼�&) (e.g., Li, Mg, Ca, Cr, Fe, Cu, Zn, Mo) ̈ͭ

˸̇�&)ȔĐ̅ʥÑ̇ɸƥ̕ʵ̜˽˺vĂ˩vŅ˰̀̚ˤ̙˯̂˨̗̖̘ͭǞĦǙ

̄ɟę̝Ǯ˴ñb̄̀ͩ̂͢˲̀ĺ˺̅Ǝǝ˰̀̚˪˺˛ (Wiederhold, 2015)ˡʥÑº

¼�&)̇�˾́ˣ̙ Fe �&)̈˸̇ɸƥͭ̕ƺŰ˧̖̊ŏŰ̝�̒Ŭˢ̄ʠf

ʜBvĂ̸̶͐ͤ̇ÓŶ̝Ǯ˴ˉã̅ñb̄̀ͩ̂͢˲̀�ǈf¸Tʣ̅˧ˤ̀Ǝ

ǝ˰̀̚ˤ̙˛ (e.g., Fantle and DePaolo, 2004; Bergquist and Boyle, 2006; Ingri et al., 

2006; Chen et al., 2014)ˡ 

�&)̈ɵʤÝ̖̅˽̜̀˵˨̅ƿǉf¸ǙĆɵ˩ǔ̙̄�˨̗ͭvĂ̇]ù́

�&)̇¶�ì̇Ž (�&)Ž) ˩f˴̙ˡ˯̈̚�&)TX,Ǎ̂�̉ͭ̚Ǵ

ì̈ǔ̙̄˩G̀̇�&)̅¶�˴̙ˡ̐˺ͭvĂ̖̅˽̀̃̇Ǵì̇TX̝Ǯ˴˨

̈¿K¾˘̕ǉɫɚȁ̖̅˽̀ƃ̗̓̀̚ˤ̙ˡFe�&)TẊ̷̨͙͆̅͘ʵ˲̀

̈ͭ¿K¾˘̖̙̅D˗Ǚ̄ǧǸ˩Ɂ̜̀̚˧̘ͭƩ¶ Fe2+̂ Fe3+̇æɅ (Matthews 

et al., 2001; Johnson et al., 2002) ̕, þǋƿ̖̙̅ʜBͭʠfvĂ̅$˽̀°˪̄T

X˩ǋ˳̙˯̂ (Beard et al., 1999; Beard and Johnson, 2004; Croal et al., 2004) ̄̃˩

T˨˽̀˧̘ͭ˸̴̶̶̡͖̬̇́́ ˩Ń̗˨̘̅̄˾˾ˣ̙ˡ˲˨˲̄˩̗ͭ±ƻǊ¨

́ɕÆ˰̙̚ Fe �&)̇ĝė¯˫̈ͭ¿K¾˘̖̇˥̅mȐ̄Ȍ˨̗û̗̚˺ǣ

ɐ̇̑́̈ɧŃ́˪̄ˤ̂ˤ˥�ˑ˩ˣ̙ˡ˸̇Ɏ�̂˲̀̈ͭ±ƻǊ΅̈ôˌ�

´˩¯˫ͭvĂ˩Ɍ˂́ˣ̙˯̂˩ĝˮ̗̙̚ˡǀ̅ʪé̕ʪÔíƀ̅ĂǍ˲˺ǧǸ

.̈Í̄˫ͭ˯̗̇̚Ǌ¨�́̇ Fe�&)̇ĝe̅˾ˤ̀̈̐˻�Ń́ˣ̙ˡ˲˺˩

˽̀ͭɆÒǊ¨̅˧˭̙ Fe ̇ĝe̝ǉɗ˴̙˺̓̅̈ͭŬˢ̄±ƻǊ΅̇ Fe �

&)̇ĝe̅ʵ˴̙ǣɐ̇ȹǷ̂ɠ0˩āɎ́ˣ̙ˡ̐˺ͭ�&)�®̇�ǈf¸

ǙĜŭ̂̇Ȝ~Ǚ̄ɗʡ̕ĵ~Ć̇ǫɤ˩ʢɎ́ˣ̙ˡFe ̂�Ŭ̅ʠfʜBǊ¨

̅ĲČ̄Bȑ̅ͭCr ˩ˣ̘ͭCr ̈ɆÒǊ΅̈̅+3 ̂+6 ̇ʠfĴ̝̔˾ˡCr �

&)̈ Fe �&)̂�Ŭ̅ʠfʜBvĂͭǀ̅ʜBvĂ̖̅˽̀°˪̄�&)TX

̝Ǯ˴˯̂˩ǣ̗̀̚ˤ̙ (e.g., Johnson and Bullen, 2004)ˡ̐˺ͭFëʠfǙǊ΅

Ƈź̝ǋ˳ͭʜBǙǊ΅̈Ʃɗ˴̙�ĻͭCr̈ʠfǙǊ΅Ʃɗ˲ʜBǙǊ¨̅

˧ˤ̀Ƈź˴̙̂ˤ˥ʠfʜBvĂ̖̅˽̀ǔ̙̄ĝe̝Ǯ˴˺̓ͭ	ȥ̝Ȕ̑~̜

˶̀YǍ˴̙˯̖̘̂̅ͭþʤBȑ̇ĝe̅ôˌ̝�˦̙ Fe ˧̖̊˸̇�̇Bȑ̇

ʠfʜBvĂ̅ʵ˴̙̖̘äèˤĈ£̝û̗̙̚˯̂˩Őø˰̙̚ˡ˸˯́œɫķ́

̈ͭ˯̗̇̚ʥÑº¼�&)˧̖̊Ŭˢ̄�ǈf¸ǙĜŭ̝Ǎˤ̴͖̠̀ͭͣͩ̇
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ʢʪƿɋʮ̖̙̅�ʄ� ̌̇Ǌ¨ôˌɠ0˧̴̢̖͇̠̊ͦ̈́̇Ní̢̓͠͠ʪé

̅˧˭̙̠͙̼ͣ̇͢ǳeͨƲˁ̸̶͐ͤ̇ɗŃ̅ʵ˴̶̶̡̙̮̼̖̘ͩ͂̅ͭɆÒ

Ǌ¨̅˧˭̙ Fe ˧̖̊þʤBȑ̇�ǈf¸Ǚĝėǉɗ̝ƙ̙̓˯̝̂ǝǙ̂˲˺ˡ 

 

1.3 Fe˧̖̊ Cr�&)̇Ǌ¨ɡĸ̌̇ĂǍ 

Fe ̕ Cr ̈ÖǤͭ�«ͭʪǤ̄̃̇Ǌ¨ɡĸ�́ͭ˲̉˲̶͍͇̖̉̇͢˥̄˄Ʃ

ɗĆʪƿ̂˲̀¶�˲̀˧̘ͭƩɗ˩�»Ḡ¤~̈�&)TX˩ǋ˳̙zȨĆ˩

ˣ̙ˡ̐˺ͭǊ¨ɡĸ̈�̇ʢʥÑBȑ̔˙Ʋì̅�̒˺̓ͭƢ¼̇ˀ̅�ʢ)å

Ɲ̝ï˪ɸ˯˴zȨĆ˩ˣ̙ˡ.˦̉ 54Cr,  54Ni ̈ 54Fe ̅ͭ50Ti, 50V ̈ 50Cr ̇Ƣ¼

̅˸̚˹̚ôˌ̝�˦̙ˡ˯̖̇˥̄�ˑ˨̗ͭ˙ȋì̄�&)Tř̝Ɂ˥˺̓̅̈ͭ

]RǉʔǴ́̇ɡĸ̇»GƩɗ˧̢̧̖̊ͦ�į̝̃͘͠Ǎˤ˺�Ȑƿ̇ʺs˩ʢ

Ɏ́ˣ̙ˡFe ̕ Cr ̇�&)̈�ǈ{̅˧˭̙ɆÒǊ¨̇ʠfʜB̴̪͐ͤ̕ǋƿ

ƒėĜŭ̂˲̀¯˫̇DɁǧǸ̅Ǎˤ̗̀̚˪˺˩ͭDʈ̖̇˥̅ Fe ̕ Cr �&)

̇±ƻǊ΅̇ĝė)ȌǙ̄ǉɗ˩û̗̀̚ˤ̄ˤˡǀ̅ʪé̕ʪÔíƀ̝Ç

ɰ̅˯̗̇̚�&)̝YǍ˲˺DɁǧǸ̈Í̄˫ͭNi ̢́̓͠͠ʪé̅˧˭̙DɁǧ

Ǹ̅Ȭ˽̀̈ǚƺ́ˣ̙˩ͭœǧǸ́û̗̚˺Ȗś̝ɭɫ˴̙�́̔ͭ˓%˲˺Ǌ¨

̅˧˭̙˯̗̇̚�&)ĝe˩̖̃̇˥̅ɗʡ˰̀̚ˤ̙˨ĵǉ˴̙āɎ˩ˣ̙ˡNi

̢́̓͠͠ʪé̈˨̞̗̞Ö̕ȾȏȪ̃̇ɹȴʧɵÖ˩f¸˔f̝y˭ͭ˸̇Ÿǒ

ƿ�̮̅͆̿͢ (Ni) ˩Ʋˁ˴̙˯̂́ǋĐ˴̙ˡ˲˺˩˽̀ͭNi ̢́̓͠͠ʪé̇ó

Đ̈ÖǤ̇f¸˔f̕�«óĐ̸̶͐ͤ̂ğ˦̙˯̂˩́˪̙ˡǾ 2 Ǽ́̈ͭǊ¨ɡ

ĸ̇ƩɗĻƋ˧̖̊m˃ĻƋ̇ʳǖ̂DɁǧǸ̅˧˭̙ Fe, Cr �&)TẊɗʡ

̝ǝǙ̂˲ͭʪǤɡĸ˧̖̊ŭƦÖǤɡĸ̅Ç˲ɌĴ̇ĻƋ̖̙̅Ʃɗ¾˘̝¾ļ

˲ͭōʙ̄TɗĻƋ̇ŧɛ̝Ɂ˽˺ˡ 

 

1.4 ʪÔíƀ̅˧˭̙ƄŜBȑ̇ĝe 

̢̼͈ͦ̈́͠ 15Bȑ (La˨̗ Lu) ̶̵̨̣̅ͦ͘ (Sc)̢̣ͭ̿̓͘͡ (Y) ̝�̓˺ͣ

̶̠̠ͩBȑ (REE) ̈Ƃ�ǬǤ̕ˆƅͭɘ³̕ȿE)̂ˤ˽˺̵̭̬͈ͩͦ́ͤ͡

ͩ̅ű˨˶̄ˤ̠͙̼ͣ́͢ˣ̘ͭ¯˫̇�ˢ̅̂˽̀āɎ�zű̄ʢɎʥÑɴƥ́

ˣ̙ˡ˲˨˲̄˩̗ͭREE ̇ʪǤʪƿ�̅̈ıÉĆBȑ́ˣ̙̣̓͘͡ (Th) ̣ͦ̕͠ 

(U) ̔�̐̀̚˧̘ͭɋʮʔǴ̅˧ˤ̀ͭ˯̗̇̚Bȑ˩�)íťƿ�̅Ʋˁ˴̙˺
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̓Ǌ¨̌̇ôˌ˩ďă˰̀̚ˤ̙ (Chakhmouradian and Wall, 2012; Weng et al., 

2013)ˡCd, AsͭCu ̄̃̇ʢʥÑ̕ŏÀBȑ̇ʠĆʪÔíƀ̕ƉÙ, �«�́̇f

¸ǙĆɵ̅ʵ˴̙ǧǸ̅˾ˤ̀̈Ĵ¯˫̇DɁǧǸ˩Ɂ̜̀̚ˤ̙�ĻͭREEɋʮ

˩Ɂ̜̀̚ˤ̙̖˥̄Ǌ¨̅˧˭̙ıÉĆBȑ̇�ǈf¸Ǚĝe̅ʵ˴̙ǧǸ̈Í

̄˫ͭǊ¨̌̇ôˌ̝ɠ0˴̙Ĝŭ˩ǫǻ˰̀̚ˤ̄ˤ (e.g., Huang et al., 2014)ˡ

REE ɋʮ̖̙̅Ǌ¨ôˌ̝ʙU̅ɠ0˴̙˺̓̅̈ͭıÉĆBȑ̇ɸƥ˩�ƹǎ

Ŗ́ˣ̙̇˨ͭˣ̙ˤ̈�ʄ̇�ɵǎŖ́ˣ̙̇˨̝ǀ¼˴̙āɎ˩ˣ̙ˡ̐˺ͭı

ÉĆBȑ̇Ǌ¨�́̇ĝe̝Įʟ˴̙f¸vĂ˧̖̊˸̇Ɏ�̇ǉɗ˩ʢɎ́ˣ

̙ˡ 

REEƲì̢̝̰ͦ̈́̓͠ʾǤ̕°ʼˍÖ�̇ REEƲì́ɑšf˲˺ REE̼͋ͩͦ˛

(e.g., Bau and Dulski, 1996; He et al., 2010; Medas et al., 2013) ͭ̕ʨ (Pb) �&) 

(Keinonen, 1992; Mukai et al., 1993; Ayrault et al., 2012; Lee et al., 2014; Gutierrez-

Caminero et al., 2015)˛ ̈Ǌ¨�́̇�ƹǙ̄ôˌͭƄŜ̇ɸƥ̝ɨ̑x̙˺̓̇�

ǈf¸ǙĜŭ̂˲̀è˫Ǎˤ̗̀̚˪˺ˡPb̈ REEs̕ U, Th ̂I̅�ʙ~Bȑ́ˣ

̙˺͖̭͖̓ͭ̇ȖŊTḟˀ̅˯̗̇̚Bȑ̂�Ŭ̄ʪƿ�̅�̙̐̚ˡ˲˺˩˽

̀ͭREE̼͋ͩͦ̕ Pb�&)̈ REE�ŏʪƿ̇ɋʮ̅$˥�ƹǙ̄ôˌ̇ǀ¼̅

ŏd̄Ĝŭ̙̂̄̂Ȥ˦̗̙̚ˡ̐˺ͭDʈ̖̇˥̅ͭFe �&)̈Ŭˢ̄ǋƿͭ�ǈf

¸ǙvĂ̖̅˽̀TX̝Ǯ˴˯̂˩ǣ̗̀̚ˤ̙ˡREEʪǤ�̅̈�Ȑƿ̂˲̀ Fe̝

�̒ʪƿ˩�̐̀̚˧̘ͭREE ̝ĘS˴̙ʔǴ́ Fëíťƿ�̅Ʋˁ˴̙̂�ĉ˰

̙̚˯̂˨̗ͭFe �&)̈ƄŜƀ�́̇ Fe ̇ĝėǉɗ̅ŏǍ̄Ĝŭ̙̂̄˯̂˩

Őø˰̙̚ˡ˲˨˲̄˩̗ͭʪÔíƀ̕ƄŜ˰̚˺ƉÙͭ¢Ƿƿ�́̇ Fe �&)Ȕ

Đ̝ɪŝ˲˺ʆç̇ǧǸ̈¯˫̄ˤ (e.g., Egal et al., 2008; Borrok et al., 2009)ˡ˸˯

́ͭǾ 3 Ǽ́̈ͭREE ̼͋ͩͦ̕ Pb �&)̝̄̃Ǎˤ̀ REE ʪǤʪƿ˩�̙̐̚

ʢʪƿ̇ɋʮ̖̙̅�ƹǙ̄Ǌ¨ôˌ̝hX˴̙�ǈf¸ǙĔƋ̝ǫǻ˴̙˯̂ͭ

ƄŜƀ�́̇ Fe �&)̇ĝe̝ǉɗ˴̙˯̂ͭ ʢʪƿɋʮǎŖ̇ƄŜƿɵͭǀ̅

Th, U ̇ĝe̝Įʟ˴̙�ǈf¸ǙɎ�̝ǉɗ˴̙˯̝̂ǝǙ̂˲ͭƬǥʪéǎŖ̇

ʭ̇Îʪ̅�̙̐̚ʢʪƿɋʮ̝Ɂ˽̀ˤ̴̙͖̠ͣͩ̇ IpohÞ�ʄ� ̅˧ˤ̀

̶̶̡̮̼̝ͩ͂Ɂ˽˺ˡ 
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1.5 ˔fʪé̅˧˭̙̠͙̼ͣ̇͢ĝe 

˨̞̗̞Ö̕ȾȏȪ̃̇ɹȴʧɵÖ˩˙ơ¯˅̄Ǌ¨�́ư˲ˤf¸˔f̝

y˭̙̂ͭŸǒƿ�̮̅͆̿͢ (Ni) ̰͊̓̕͢ (Co)̶̵̨̣ͭͦ͘ (Sc) ͭǗʥĽB

ȑ (platinum group elements : PGE) ̠͙̼̄̃̇ͣ͢˩Ʋˁ˲˺˔fʪé̇�˾́ˣ

̙ Ni ̢́̓͠͠ʪé˩ǋĐ˴̙˛ (Golightly, 1981; Freyssinet et al., 2005; Butt and 

Cluzel, 2013)ˡNi ̢́̓͠͠ʪé˨̗ĤĢ˰̢̙́̓̚͠͠ʪ̈ͭ˯̐́̚Ɏ̮̄͆̿

͢ʪǤ́ˣ˽˺Ǫfʪ̅�̜̘ͭǇ�̮̇͆̿͢ǋǌʤ̇Ȏ 60%̝o̙̓Ɏ̄͆̿

̮͢/ȗƥ́ˣ̙˛ (Ober, 2018)ˡ̐˺ͭ Co, Sc, PGË_ǌƿ̂˲̀̇�w˩Őø˰

̀̚ˤ̙ (e.g., Berger et al., 2011; Aiglsperger et al., 2016)ˡ 

˔fWŐ̅̈ͭ˅ƀ̂ŻÖ̇ɎūĐʪƿ́ˣ̙˨̞̗̞Ǥ̕ȾȏǤ̇vĂ̖̅

̴̘͖̭͇̣͘ (Mg), ̢̮ȑ (Si) ˩ƩȪ˴̙�Ļ́ͭNi ̈˔fǋĐƿ́ˣ̶̙͙̬

̢̼̓̕'ȖŊĆ̇ Feƀʠfƿ̌�ǡͨx̘ʅ̙̐̚˯̖̘̂̅ŸǒĐT̂˲̀ɆÒ̅

�ŲƲˁ˴̙ˡ˲˨˲̄˩̗ͭ˯̇,Ǎ̇̑́̈ Nï�1 wt%̐́˲˨Ʋˁ˲̄ˤ̂˰

̀̚˧̘ (e.g., Brand and Butt, 2001)ͭ˯̢̲̈͐ͤ̓̚͠ʪ̇ NiƲì (2–5 wt%) ̅

ủ̄ˤˡ˰̗̅Ni˩Ʋˁ˴̙̅̈ͭɎBȑ̇ƩȪ̖̙̅ǟÇǙ̄Ʋˁ̅c˦̀ͭ

ɆÒ˨̗�ʝ̌ Ni ˩Mǳe˲�¼˰̙̚�ŲƲˁ˩ʢɎ̙̂̄ (e.g., Freyssinet et 

al., 2005)ˡDɁǧǸ̖̘ͭNi ̢́̓͠͠ʪé̇óĐ̕ Ni Ʋˁ̈̅ŻÖ̇ǵ˓ͭſ

8ͭġƀĆͭ�ó̸̡̬̬̭ͭ́̓͆̿̿́ͦͭŦǋ̄̃ɌĴ̇�ɵ¸Ǚ˧̖̊Ǌ¨Ǚ

Ɏ�̇ǟ�,Ǎ̖̅˽̀Įʟ˰̙̂̚Ȥ˦̗̀̚ˤ̙ (Golightly, 1981; Freyssinet et 

al., 2005; Golightly, 2010; Butt and Cluzel, 2013)ˡ˲˨˲̄˩̗ͭſ8̕ŻÖ̅ʗˤ˩

̄ˤ̅̔ʵ̜̗˵ͭʪéḰ̔ Ni Ʋˁƙì̕Ʋì̴̥̅̈͊ͩͦ͟͡˩ɐ̗̙̚˯̂

˨̗̖̘ͭÏēǙ̄�ǈf¸ǙɎ�̖̅˽̀ Ni ̇ǳeͨƲˁ̸̶͐ͤ˩Įʟ˰̀̚ˤ

̙zȨĆ˩ˣ̙ˡ 

Golightly (2010) ̈ʔṡ˔f̖̅˽̀Ǉ�̢͎̟̇͐ͤ͢�̅�c˰̚˺ Ni, Fe

̇ʤ̝MǇ˴̙̇̅āɎ̄˔fÒ̇q˰̝ƃ̓ͭ	ȥ̇ʴ̅ų̇ǟʵ˩ɐ̗̙̚˯̂

̝Ǯ˲˺ˡŻÖ̇Ãì̅̈°˪̄Ý˩̄ˤ̂�¼˲˺¤~ͭ˯̗̇̚9̢͎̟̈͐ͤ͢

̅�c˰̚˺ Ni, Fėʤ̅̎̏ǿ˲ˤ̂Ȥ˦̗ͭ̚Ni˩¯˫�c˰̀̚ˤ̢̙͎̟͐ͤ

́̈͢Fė�cʤ̔¯ˤ˯̝̂Ǯ˲̀˧̘ͭ	ȥ̇ĝe̅̈ʵʏ˩ˣ̙̂Ȥ˦̗̙̚ˡ

˲˺˩˽̀ͭFe ̇ĝe̝Ń̗˨̅˴̙˯̂̈ Ni ̇ǳeͨƲˁ̸̶̝͐ͤǉɗ˴̙Ĕģ

̘̙̂̄zȨĆ˩ˣ̙ˡFe º¼�&)̈ÖǤ˔f̕�«óĐʔǴ̅˧ˤ̀ʠfʜB
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vĂ̖̅˽̀TX̝Ǯ˴˯̂˩ǣ̗̀̚ˤ̙ˡèȣ́̈ Ni ̢́̓͠͠ʪé˧̖̊�«

̈̃˼̗̔ÖǤ̇f¸˔f̖̘óĐ˰̙̚˺̓ͭFe �&)̈ Ni ̢́̓͠͠ʪé̅˧˭

̙ Fe ̇ĝėǉɗ̅ŏǍ́ˣ̙̂Ȥ˦̗̙̚ˡ˲˨˲̄˩̗ͭ�«óĐ̅ʵ˴̙¯˫

̇DɁǧǸ̅˧ˤ̀ɐ̗̙̚ Fe�&)TẌ̅ Fe ̇ʜBƩɗ̅$˥ī²̖̙̅

̔̇́ˣ̙ˡ�Ļͭ Li et al. (2017)̡͎͍́̈ͭͦ̇͡˨̞̗̞Ö�̅ǖʖ˲˺̢́͠͠

̢͎̟̓̇͐ͤ̅͢˧ˤ̀˔f̅$ˤ Fe˩ī²˲̀ˤ̙̅̔ʵ̜̗˵ͭFe�&)̇T

X˩̎̏ɐ̗̄̚ˤɎ�̂˲̀ͭFe ƀʠfƿ˧̖̊ʠfƿ̇þȉ´ (̢̰ͤ̈́) ˩˅

ƀ̇ǳƓ̖̅˽̀Ȍ®̌ʂʉ˰̢̙̰ͤ̈́̚ʂʉ̝ĜĬ˲̀ˤ̙ˡ˯̖̇˥̅ͭ˔f̅

̖˽̀ Fe ˩²̜̙̂̚ˤ˥�Ŭ̸̶̄͐ͤ̅˧ˤ̀̔ͭFe �&)ȔĐ̈ǔ̙̄˯̂˩

Ǯ˰̀̚˧̘ͭÖǤ˔fͭ�«óĐʔǴ̅˧˭̙ Fe ̇ĝėǉɗ̅̈ Fe �&)̇

ĝe̝ų˲˫ǉɗ˴̙˯̂˩āɎ́ˣ̙ˡ̐˺ͭɹȴʧɵÖ̇˔f̕ Ni ̢́̓͠͠ʪé

̅˧˭̙ Fe�&)̅ʵ˴̙ǧǸ.̈ũ̓̀Í̄˫ͭ˰̗̅ͭ˔fʔǴ̅˧ˤ̀ Fe˩

¯˫�c˰̀̚ˤ̙̖˥̄Ǌ΅̇ Fe �&)̇ĝe̅˾ˤ̀̇ǧǸ.̈̐˻̄ˤˡ

Fe ̇ǳe̅ʠfʜBvĂ˩ʵ�˲̀ˤ̙̗̄̉ͭFe �&)̅vŅ˰̙̚˯̂˩Őø

˰̙̚ˡ 

̐˺ͭFe ̂�Ŭ̅ɹȴʧɵÖ̅ŽʁǙ¯˫�̐̀̚˧̘ͭʠfʜBvĂǊ¨̇

f̅ĲČ̅ĂȀ˴̙Bȑ̂˲̀ Cr ˩ˣ̙ˡÖǤ˔f̅$˥ Cr º¼�&)̇TX̅

˾ˤ̀̈¯˫̇DɁǧǸ˩Ɂ̜̀̚˧̘ͭCr �&)̔ʠfʜBvĂ̖̅˽̀°˪̄

TX̝Ǯ˴˯̂˩ǣ̗̀̚ˤ̙ (Ellis et al., 2002; Zink et al., 2010; Dossing et al., 

2011) ˡ̐˺ͭʆç̇ǧǸ́̈ͭɹȴʧɵÖ̇˔f̖̅˽̀ Pt̕ Pd̄̃̇ǗʥĽB

ȑ (PGE) ˩ǳe˲ͭFe-Mnƀʠfƿȉ´̖̅˽̀ʜBƇź˲�ŲƲˁ˴̙˯̂˩£

�˰̀̚ˤ̙ (Traore et al., 2008a; Aiglsperger et al., 2015; Aiglsperger et al., 2016)ˡ˰

̗̅ͭPt, Pd ̇ōƲˁʝ́̈ Cr �&)Ž˩ō̔ʀˤ9̝Ǯ˲ͭCr �&)˩ PGE Ʋ

ˁ̇Ĝŭ̂˲̀ŏǍ́ˣ̙zȨĆ˩ˣ̙ (Rivera et al., 2018)ˡ˸˯́Ǿ 4Ǽ́̈ͭ Ni

̢́̓͠͠ʪéóĐ̅˧˭̙ Fe˧̖̊ Cr�&)ĝėǉɗ̠͙̼̂ͣ̇͢ǳeͨƲˁ

̸̶͐ͤ̅ʢɎ̄Ɏ�̇ɗŃ̝ǝǙ̂˲̴̢͇̠ͭͦ̈́̇ Sulawesi×̇Ní̢̓͠͠ʪ

é̅˧ˤ̶̶̡̮̼̝̀ͭͩ͂Ɂ̄˽˺ˡ 

 

1.5.1 ÖǤ˔fͨ�«óĐ̅ʵ˴̙ Fe�&)̇DɁǧǸ 

MC-ICP-MS ̇ʳǖ̖̘̅˙ȋìTř˩zȨ̂̄˽̀�ŖͭFe º¼�&)̈ÖǤ
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̕�«ͭƉÙƀͭ¢ǷƿͭʾǤ̄̃Ŭˢ̄ɡĸ̅ĂǍ˰̀̚˪˺ˡ˯̗̇̚ǧǸ̅˾

ˤ̀̈ Johnson and Bullen (2004), Dauphas et al. (2017)˛ ̖̅˽̀ͣͧͩ͝˰̀̚ˤ̙ˡ

Fe �&)̈ǀ̅ʠfʜBvĂ̝�˲̀°˪̄TX̝Ǯ˴˯̂˨̗ͭÖǤ˔f̕f¸

Ƈź̅˧˭̙ʠfʜBǊ¨̇fͭ̕Fe ̇�ǈf¸Ǚĝėǉɗ̅ŏd̄̀ͩ͢

̂˲̀Ǝǝ˰̀̚˪˺ˡFëɵʤĴ 54 (5.85%), 56 (91.75%), 57 (2.12%), 58 (0.28%) 

̇ 4 ˾̇º¼�&)̝ě˼ͭ�&)Ž̈�ȮǙ̅¶�ì̇°˪ˤ 54Fe ̂ 56Fe ̇Ʋ

ìŽ́ɆǇ˰̙̚˩ͭ˸̇f̈Ì˰ˤ˺̓ͭ�&)Ž˩ľǣ̇ŭƦɡĸ̂̇jT

ǅ:Ý˝ 56Fe (˞ ) ̂˲̀Ǯ˴ˡFe �&)̇¤~̈ͭ IRMM-014b (Institute for 

Reference Materials and Measurements) ˩ŭƦɡĸ̂˲̀Ǎˤ̗ͭ̚δ56Fe 9̈��

̇î́¼ȣ˰̙̚ˡ 

! "#	(‰) = )
* "#/ "#+,+- .

/01234

* "#+- / "#+, .
567789:,;

− 1>Ͳͳ × 1000 (1 − 1) 

ÖǤ˔f̕�«̇ŻÖ̂˲̀Ɏ̄ÖǤ́ˣ̙ƴĐÖ̇ δ56Fe9̈ 0.0±0.3‰̂̎

̏�¼́ˣ̙˯̂˩ǣ̗̀̚ˤ̙  (Johnson et al., 2003; Beard, 2004; Fantle and 

DePaolo, 2004)ˡ˯̅̚Ç˲ͭ�«̬̇͊̇͢ δ56Fe 9̈-0.62–+0.72‰̂èˤä̝Ǯ

˴˯̂˩DɁǧǸ˨̗Ǯ˰̀̚˧̘ (Fantle and DePaolo, 2004; Emmanuel et al., 2005; 

Thompson et al., 2007; Wiederhold et al., 2007a; Wiederhold et al., 2007b; Poitrasson et 

al., 2008)ͭ�«óĐ̸̶͐ͤ̈ŻÖ̅Ç˲̀ δ56Fe9̝°˪˫e˰˶û̙˯̝̂Ǯ�

˲̀ˤ̙ˡ˯̖̇˥̄�&)TX̝ï˪ɸ˯˴̷̨͙͆̂͘˲̀ͭ¿K¾˘́̈ʪƿ̇

Ʃɗ̇ˀ̅ʀˤ Fe�&)˩ADǙ̅ƩS˲ͭŸǒƿ�̇ Fe�&)̈ŻÖ̂Žʁ˲

̀ʢ˫̙̄˯̂˩Ǯ˰̀̚ˤ̙ (e.g., Beard and Johnson, 1999; Brantley et al., 2004; 

Wiederhold et al., 2006)ˡ̐˺ͭgoethitě̇ Fe2+̇�ǡ̕ Fe2+̇ƺŰǙ̄ʠf̖̘̅

ferrihydrite ˩Ƈź˴̙¤~ͭ�ǟ̅ʢˤ�&)˩ƲȠ˴̙̂ˤ˥Ȗś˩£�˰̀̚

ˤ̙ (Bullen et al., 2001; Icopini et al., 2004)ˡ 

Brantley et al. (2004), Fantle and DePaolo (2004), Emmanuel et al. (2005) ̨̠͙̈ͭ͡

̶̢̤̰̥̾ͭ̅͢͠ǖʖ˲˺Ŭˢ̄ǵ˓̇�«̬̇͊͢˧̖̊ 0.5 M HCl ̝Ǎˤ̀

ĘS˲˺ńƩɗĆƿɵ (e.g., 'T´̇ŏŰƿͭ'ȖŊĆʧʠfƿ) �̇Fe�&)

ȔĐ̝ɪ̍˺ˡ˸̇ȖśͭŏŰƿ˩¯ˤɆÒ̬̇͊̇͢ δ56Fe9̈ŻÖ̂Žʁ˲̀ʀ

ˤ9̝ě˾˯̂˩Ǯ˰ͭ̚˯̈̚ʀˤ�&)˩ADǙ̅ŏŰʯ)̂˲̀ŻÖ˨̗ƩS

˲˺˺̓́ˣ̙̂ɗʡ˲̀ˤ̙ˡ̐˺ͭ�ʝ́̈ʜBƩɗ̖̅˽̀ʀˤ Fe �&)˩A
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DǙ̅ıS˰̀̚ˤ̙˯̝̂Ǯ˲˺ˡ˯̗̈ͭ̚ˤ˵̔̚�ʈ̇¿K¾˘̇Ȗś̂ĵ~

Ǚ́ˣ̙ˡ˲˨˲̄˩̗ͭFantle and DePaolo (2004)ͭEmmanuel et al. (2005) ̈ Ti, Zr, 

Nb ̖̇˥̄˄ƩɗĆBȑ̇Tř̝Ɂ˽̀˧̗˵ͭ Fe ̇ǳeì̂�&)ȔĐ̇f

̅˾ˤ̀̇ɭɫ˩Ɂ̜̀̚ˤ̄ˤˡThompson et al. (2007) ̢͉̈ͥ̇ǄŴÖ̝ŻÖ

̂˲ͭʷƀʤ˩ǔ̢̙̲̄̓́ǖʖ˲˺�«̇ Fe�&)ȔĐ̝Žʁ˲ͭʷƀʤ̇ʗˤ

̖̙̅ Fėǳeì˧̖̊�&)ȔĐ̌̇ôˌ̝ɪ̍˺ˡö̗̇Ȗś̈ͭʷƀʤ˩¯

ˤ̎̃�«ɆÒ̇ Fėī²˩°˪˫ͭ̐˺ͭδ56Fe9˩ʢ˫̙̄>�̝Ǯ˲˺ˡ˰̗̅ͭ

ʴʿƀ̇ Eh ̂ δ56Fe 9̅̈ɲ̇ǟʵ˩ˣ̙˯̂˨̗ͭFe ̇ī²̇Ɏ�̈ Fe ̇ʜ

BƩɗ̖̙̅�&)Ǚ̅ʀˤ Fe ̇ADǙ̄ƩŚˣ̙̂ɗʡ˲̀ˤ̙ˡ̐˺ͭˣ̙ʷ

ƀʤ̅˧˭̙̬ͭ͊̇͢ δ56Fe 9̈ɆÒ̅�˨˽̀ʀ˫̙̄>�̝Ǯ˲ͭ˯̈ͭ̚ŏŰ

ƿ̇ɯǞɆÒ̅˧ˤ̀ʀˤ δ56Fe9̝̔˾ FeŏŰʯ)̇Ŧƿ̖̙̅�wͭȹǷ̇

ôˌ́ˣ̙̂ɧŃ˰̀̚˧̘ͭ˯̈̚ Fantle and DePaolo (2004)˛ ̕ Emmanuel et al. 

(2005) ́Ǯ˰̚˺>�˧̖̊ɗʡ̂�Ŭ́ˣ̙ˡ˯̇ɗʡ̈Ŧƿ̖̙̅ Fe ̇�wʍ

ì˩ Fe ̇ī²ʍì̝��̙¤~̈~ǉǙ́ˣ̙˩ͭ˯̇ɭɫ̅˾ˤ̀̈¿K¾˘

̖̙̅ɉ�˭˩āɎ́ˣ̙̂˲̀ˤ̙ˡ 

Dʈ̖̇˥̅ͭ�«̇ δ56Fe 9̈èˤȄ�̝Ǯ˴˩ͭ�˾̢͎̟̇͐ͤ͢�́̇ Fe

�&)̇eä̅ǡǝ˴̙̂ͭ̎̏TX̝Ǯ˰̄ˤ�«̔£�˰̀̚ˤ̙ˡFekiacova 

et al. (2013)˛ ̈DɁǧǸ̅˧ˤ̀£�˰̀̚ˤ̙Ŭˢ̄�«̬̇͊̇͢ δ56Fe 9̇

̼̝͂ͩwˁ˲̢͎̟ͭ͐ͤ͢�́̇ δ56Fe 9̇eä (Δ56Fe) ˩Ì˰ˤ̭ͩ͐͢ I 

(Δ56Fe <0.15‰)̂ͭ°˪ˤ̭ͩ͐͢ II (Δ56Fe >0.15‰) ̅T˓˲˺ˡ̭ͩ͐͢ I ̅̈

CambizolͭFerralsolͭStagnic CambisolͭHaplic Gleysol ˩ɢò˴̙ˡCambizol ̕

Ferralsol ̈ġƀĆ˩ȯ˫ʨǞĻ�̇ǳe˩ĮʟǙ́ˣ̘ͭʠfǙ̄Ǌ΅ǖʖ˴̙ˡ

˲˨˲̄˩̗ͭ˯̢̗͎̟̇͐ͤ́̈̚͢ δ56Fe9̇e˩̞̎̂̃ɐ̗̄̚ˤ˯̂˨̗ͭ

�«�̇ƀ̇ýǊ̖̙̅ Fe�&)ȔĐ̌̇ôˌ̈'˫ͭʪƿ̇Ʃɗ̖̅˽̀ıS˰

̚˺ Fe ̈ʠfǙ̄Ǌ¨�́̈ʆ<́Ǟˬ̅ƇźóĐ˲ͭǳe̔Zʸ˰̀̚ˤ̙̂Ȥ

˦̗̙̚ (Wiederhold et al., 2007b; Poitrasson et al., 2008)ˡ�˳̭ͩ͐̅͢T˓˰̚

̀ˤ̙˩ͭHaplic Gleysol ̕ Stagnic Cambisol ̈·ȃǙ̔˲˫̈�ç̝ʌ˲̀ƀ́˖

�˲̀˧̘ͭˉʠfǙ̄Ǌ΅ǖʖ˲˺�«́ˣ̙ˡ˯̢̗͎̟̇͐ͤ́̚͢ δ56Fe 9

̇e˩̎̏ɐ̗̄̚ˤr�̂˲̀̈ͭFe ̇ǳe˩Ĵ cm ̂ˤ˥ũ̓̀ǂˤȄ�̅̂

̃̐˽̀ˤ̙˺̓́ˣ̙̂ɗʡ˰̀̚ˤ̙ (Wiederhold et al., 2007a)ˡ˯̅̚Ç˲̭͢
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ͩ͐ II̅̈ͭPodzolͭAndosolͭAlbeluvisolͭGleysolͭUltisol˩ɢò˴̙ˡʨǞĻ�̇

ǳe̝$˥ʠfǙ̄Ǌ΅ǖʖ˴̙ Podzol̈óĐǊ¨̂˲̀̈ Cambisol ̂˓%˲̀

ˤ̙˩ͭŽʁǙÅŌ��́ǖʖ˴̙˺̓ͭɆÒ́̇ŏŰƿ̇Tɗ˩ʐ̑̅˫ˤˡ

˸̇˺̓ͭ�«̇ pH˩ 3Ǵì̂'˫ͭ˯̖̇˥̄Ǌ΅̈ʠfǙ́ˣ˽̀̔ͭFëŏ

Űʯ)̄̃̂˲̀ʀˤ δ56Fe9̝ě˾Fe˩ƙʝ̌ǳezȨ́ˣ̙ˡ˸˥˲̀ʀˤ δ56Fe

9̝ě˾ Fe ˩ƙʝ́�¼˰̢͎̟ͭ͐ͤ̚͢�́°˪̄ Fe �&)TX˩ǋ˳̙ˡ�

Ļ́ͭ�Ŭ̅°˪̄TX̝Ǯ˴ AlbeluvisolͭGleysolͭUltisol ̈ġƀ�ȯ́ˉʠfǙ

̄Ǌ¨�́ǖʖ˲˺�«́ˣ̘ͭ˯̗̈̚��ƀˊ̇·ȃǙ̄e̖̅˽̀ʠfʜ

BǊ¨˩f˴̙ˡ˯̗̇̚�«̅˧˭̙ Fe �&)̇TẌͭ̅ Fe ̇ʜBƩɗ

̖̙̅ʀˤ δ56Fe 9̝̔˾ Fe ̇ǳeͭī²˩Ɏ�̙̂̄ˡ˯̖̘̅ͭ̚Ÿǒ Fe ̈ʢˤ

�&)ȔĐ̝ě˼ͭǳe˲˺ Fe˩ˁǷ˴̙Ò&́̈ δ56Fe9˩ʀ˫̙̄ˡAndosol̈

˯̗̇̚�ʴ̇ǀÿ̝̔˼ͭ˅ʤ̇¯ˤŇŐ̈ˉʠfǙ̄Ǌ¨̘̅̄ͭʀˤ δ56Fe 9

̝̔˾ FėʜBƩɗ˩ǋ˳̙˺̓ͭFėī²˩°˪ˤ̎̃ δ56Fe9̈ʢ˫̙̄˩ͭŦ

ƿ̕ŏŰƿ̇¯ˤɆÒ́̈ʀˤ�&)˩�¼˰̚ δ56Fe 9̈ʀ˫̙̄ˡ˯̖̇˥̅ͭ

�«óĐʔǴ̅˧˭̙ δ56Fe 9̇ëͭġƀĆ̇ʗˤ̖̙̅��ƀˊ̇ê°

ſʠȑ̇Ɨʋǅ̖̙̅ʠfʜBǊ¨̇f˧̖̊ŏŰƿ̇ŏƺ˩°˪˫Â�˴̙̂

˰̀̚ˤ̙ˡTẊ̷̨͙͆̂͘˲̀̈ͭFe ̇ʜBƩɗ˧̖̊ŏŰƿʯ)óĐ̖̙̅

ʀˤ�&)̇ADǙ̄Ʃɗ̂ Fėī²˩̄Ɏ�́ˣ̙̂Ȥ˦̗̙̚ˡ 

˯̗̇̚DɁǧǸ̅Ç˲ͭLi et al. (2017) ̈ δ56Fe 9̇e˩̞̎̂̃ɐ̗̄̚ˤ

̅̔ʵ̜̗˵ͭFe ˩°˪˫ī²˲̀ˤ̙Ȍ̅˾ˤ̀̇ǉɗ˩�ɺ˲̀ˤ̙˯̝̂ĜĬ˲

˺ˡö̡̗͎͍̈ͦ̇͡˨̞̗̞Ö�̅ǖʖ˲˺̢́̓͠͠�̇ Fe �&)ȔĐ̂ǳeì

̝ɪ̍ͭư˲ˤ˔f̖̅˽̀ Fe ̈̎̏G̀ī²˴̙�Ļ̢͎̟́ͭ͐ͤ͢�̇ Δ56Fe 

̈ 0.13‰̂ʸ¼Ǚ́ˣ̙˯̝̂Ǯ˲˺ˡDɁǧǸ̖̅˽̀Ǯ˰̚˺Ǌ¨ŕ�̂Žʁ˴

̙̂ͭġƀĆ˩˙˫ʠfǙ̄Ǌ΅ǖʖ˲˺�«́ˣ̘ͭ�&)TX̝̞̎̂̃Ǯ˰̄

ˤ¤~̅ɢò˴̙˩ͭ˯̈̚˒ȷ̄ Fėī²̝ɧŃ́˪̄ˤˡ˸˯́ͭö̗̈˯̇ Fe

̇ī²̝ͭŻÖ˨̗ƩS˲˺ Fe2+˩ʠfǙ̄Ǌ¨�́ʍ̕˨̅ Fe3+̇ʧʪƿ̅ʠf

˰̢̰ͭͤ̈́̚ȉ´̂˲̀ʷ˅̖̘̅ʂʉ˰̚˺˺̓́ˣ̙̂Ȗɫ�˭̀˧̢̘ͭ́̓͠͠

˩ǖʖ˴̙Ǌ¨�́̈ͭ�Ŭ̸̶̄͐ͤ˩ Fe ̇ǳe̅ʢɎ́ˣ̙zȨĆ̝ĜĬ˲̀

ˤ̙ˡ�Ļ́ͭ�Ŭ̅˙ơ¯˅̄ſ8�́óĐ˰̙̚ Ni ̢́̓͠͠ʪé́̈ͭFë͐

̢͎̟ͤ͢�̅�c˰̀̚ˤ̙˯̂˩ Fe ̇ǳeì̇ɚȁȖś˨̗Ǯ�˰̀̚˧̘
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(Golightly, 2010)ͭʠfǙ̄Ǌ΅ˣ˽̀̔ Fe˩̢̬̽͗̿̅ͅǳe˲̀ˤ̙zȨĆ˩

ˣ̙ˡ˲˨˲̄˩̗ͭ˯̐́̇̚ÖǤ˔f̕�«óĐ̅ʵ˴̙DɁǧǸ́̈ͭFe ˩�

c˰̀̚ˤ̙.̗̈̎̏̑̄̚ˤ˺̓ (e.g., Poitrasson et al., 2008)ͭ˯̖̇˥̄Ǌ¨̅

˧˭̙ Fėǳe̸̶͐ͤ̕�&)ȔĐ̌̇ôˌ̅˾ˤ̀ǉɗ˴̙āɎ˩ˣ̙ˡ 

 

1.5.2 ÖǤ˔fͨ�«óĐ̅ʵ˴̙ Cr�&)̇DɁǧǸ 

Fe ̂�Ŭ̅ʠfʜBvĂǊ¨̇f̅ĲČ̅ĂȀ˴̙Bȑ̂˲̀ Cr ˩ˣ̙ˡÖ

Ǥ˔f̅$˥Crº¼�&)̇TX̅˾ˤ̀̈¯˫̇DɁǧǸ˩Ɂ̜̀̚˧̘ͭCr�

&)̔̐˺ͭʠfʜBvĂ̖̅˽̀°˪̄TX̝Ǯ˴˯̂˩ǣ̗̀̚ˤ̙ˡCr �&)

̇¤~̈ͭNIST 979 (National Institute of Standard and Technology) ˩ŭƦɡĸ̂˲

̀Ǎˤ̗ͭ̚δ53Cr9̈��̇î́¼ȣ˰̙̚ˡ 

! AB	(‰) = )
* AB/ AB+C+D .

/01234

* AB+D / AB+C .
E5FG	HIH

− 1>+D × 1000 (1 − 2) 

¿K¾˘˨̗ͭCr�&)̈ Cr (III) ˨̗ Cr (VI) ̌̇ʠfvẮ̈ͭæɅvĂ̅

̖̘ǋĐƿ́ˣ̙ Cr (VI) ̅ 53Cr˩Ʋˁ˴̙˩ͭ�&)TẊǴì̈ˉã̅Ì˰ˤ˯

̂˩ǣ̗̀̚ˤ̙ (Zink et al., 2010)ˡ�Ļ́, Cr (VI) ˨̗ Cr (III) ̌̇ʜBvĂ̅˧

ˤ̀̔eǙ�&)dś̖̘̅ Cr (III) ̅ʀˤ�&)˩Ʋˁ˲ͭ˸̇�&)dś̈

Ĵ˞̂°˪̄e̝ǋ˳˰˶̙˯̂˩£�˰̀̚ˤ̙ (Ellis et al., 2002; Schoenberg et 

al., 2008; Zink et al., 2010; Dossing et al., 2011)ˡ�«óĐ̅˧ˤ̀̈, ŻÖ˨̗ Cr 

(III) ̂˲̀ıS˰̚˺̇˼̅ Mn ʠfƿ̖̄̃̅˽̀ Cr (VI) ̅ʠf˰̙̚˯̂́ǳ

eĆ˩˙˫̘̄ͭʴʿƀ̇ǳƓ̅$ˤǳe˴̙̂Ȥ˦̗̀̚ˤ̙ˡCr (VI) ˩�«�́

̃̇Ǵìǳe˴̙˨̈, Ʃ¶ Fe (II) ̕ ṠʜBǙ̄f¸ǵ, ŏŰƿ̂ˤ˽˺Cr (VI)

̝ʜB˰˶̙ƿɵ̇¶�˩ñ˫ôˌ˴̙ (e.g., Dossing et al., 2011)ˡ˯̗̇̚vĂ̅

̖˽̀, ˔f́̈ʢˤ�&)ȔĐ̝ě˽˺ Cr (VI) ˩Ȍ®̌S̀Ɂ˪ͭʀˤ�&)

ȔĐ̝ě˽˺ Cr (III) ˩�«�̅Ÿ˰ͭ̚�«�̇ δ53Cr 9̈�ȮǙ̅ʀˤ9̝Ǯ

˴˯̂˩¯ˤ  (Berger and Frei, 2014; Paulukat et al., 2015; D'Arcy et al., 2016; 

Babechuk et al., 2017)ˡ˲˨˲̄˩̗ͭʆç̇DɁǧǸ̅˧ˤ̀ͭʢˤ δ53Cr9̝Ǯ˴

�«˩¶�˴̙˯̂̔£�˰̀̚ˤ̙˛ (Novak et al., 2017; Wille et al., 2018)ˡʆç̇

ǧǸ́̈ͭɹȴʧɵÖ̇˔f̖̅˽̀ Pt̕ Pd̄̃̇ǗʥĽBȑ (PGE) ˩ǳe˲ͭ

Fe-Mn ƀʠfƿȉ´̖̅˽̀ʜBƇź˲�ŲƲˁ˴̙˯̂˩£�˰̀̚ˤ̙ (Traore 
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et al., 2008a; Aiglsperger et al., 2015; Aiglsperger et al., 2016)ˡ˰̗̅ͭPt, PḋōƲˁ

ʝ́̈˝53Cr 9˩ō̔ʀˤ9̝Ǯ˲ͭ˔f̖̅˽̀ chromite ˨̗ıS˰̚˺ Cr ˩ǳ

e˲ʜBƇź˲̀ˤ̙˯̂˩Ǯ�˰ͭ̚Cr�&)˩ PGEƲˁ̇Ĝŭ̂˲̀ŏǍ́ˣ̙

zȨĆ˩ˣ̙ (Rivera et al., 2018)ˡ 

˯̖̇˥̅ͭCr ̈ʠfʜBvĂ̖̅˽̀�&)TX̝Ǯ˴˯̂˨̗˔f̕�«ó

Đ̅˧ˤ̀ͭCr ̇ĝe̝Įʟ˴̙�ǈf¸ǙɎ�̕ʠfʜBǊ¨̇ħ¼˧̖̊þ

ʤBȑ̇ĝėǉɗ̅ŏǍ̄Ĝŭ́ˣ̙˺̓ͭFe �&)̂Ȕ̑~̜˶̙˯̂́ Ni ͠

̢́̓͠ʪé́̇Bȑǳe˧̖̊Ʋˁ̸̶͐ͤ̇ǉɗ̅ʢɎ̄Ĉ£̝�˦̙˯̂˩Ő

ø˰̙̚ˡ 
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Fig. 1. 1 Fe ̂þʤBȑʴ̅˧˭̙ʠfʜBvĂ. 
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Fig. 1. 2˛ 25˟̅˧˭̙ Fe-S-O-HȌ̇ Eh-pH�. ǟ̇¨ǑȞ̈ Fe ̇ƒʤ˩ 10-6, 10-4, 10-3, Ṡ

ƒʤ̈G̀ 10-5̅ÇĂ˲̀ˤ̙ͮL̈ AMDʪíƀͭƉÙƀ˧̖̊˅ƀ̇ Eh-pHː ̝Ǯ˴ 

(Data from Langmuir, 1997). 
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Ǿ2Ǽ Ǌ¨ɡĸ�̇ Fe˧̖̊ Crº¼�&)TřĔƋ̇ʳǖ̂ĂǍ 

2.1 ȧŉ 

úŖͭ�&)Tř̅Ǎˤ̗̀̚˪˺Ɇˊˆ˃�ɡĸTřɚ (Thermal Ionized 

Mass Spectroscopy; TIMS) ̈ȋì̕ǫì̇˙ˤTř̅À̚ˤ̙vˊ̢̧ͭͦf̥

͇̫ͩ͢˩ 7.5 eV ��̇Bȑ̅ʸ̗̙̚˺̓ͭƢ¼Çɰ˩Í̄ˤ˯̂˩˄Ƹ́ˣ˽

˺ˡ˯̅̚Ç˲ͭ1980 ç�̅ʳǖ˰̚˺ɥËȖ~̷͖͐͠ɵʤTřƋ (Inductively 

coupled plasma-mass spectrometry; ICP-MS) ̈˙ˤ̢̧ͦfȨ̝ě˾ ICP̢̧̝ͦƥ

̂˲̀˧̘ͭ˸̇˙ˤ̢̧ͦfdǅ̖̅˽̞̀̎̂̃̇Bȑ˩TřzȨ̂̄˽˺ˡ˲˨

˲̄˩̗ͭ�ʢũ�ɵʤTřɚ˩Ǎˤ̗̀̚ˤ̙ʌã̇ ICP-MŚ̢̧̈ͦŧS�˩

1 ˾́ˣ̙˺̓ͭƢ¼�̇5|ñì̇e̖̘̅ͭû̗̙̚ȋì̈±ƻɡĸ̇�&)

ŽTř̅̈iT́̄ˤ¤~˩ˣ˽˺ˡ˸˯́ʳǖ˰̚˺̇˩ɌĴ̢̧̇ͦŧS�̝


̍�&)5|̝�Ň̅ŧS˴̙¯ʢŧSĻî̝¾Ǉ˲˺ MC-ICP-MS ́ˣ̙ˡ

1990 ç�̅F̘ MC-ICP-MS ˩¾Ǎf˰ͭ̚Třȋì̈˕ɾǙ̅��˲˺ˡ˯̅̚

̖̘ͭɵʤĴ˩°˪˫�&)ʴ́̇ǟÇɵʤÝ˩Ì˰ˤ˺̓̅±ƻ́̇�&)ȔĐ

ėŧS˩�˄́ˣ˽˺ʧ (Fe) ̬ͤ̕͘ (Cr) ̝�̒¯˫̇ʢBȑ�&)̈�

ǈf¸̕ǋ�ǰ¸Tʣ̇ǧǸ̅è˫ĂǍ˰̙̖̚˥̅̄˽˺ˡ˲˨˲̄˩̗ͭ˯̗̇̚

�&)ŽTř̝Ǌ¨ɡĸ̅ʙǍ˴̙̅̈Ų̇ɩˑ˩ˣ̙ˡ 

1 ˾ǝ̈]RǉʔǴ̅˧˭̙�&)TẊôˌ̝ōÌʸ̅˴̙˯̂́ˣ̙ˡFe ̕

Cr ̈ÖǤ̕ʪǤͭ�«̄̃̇Ǌ¨ɡĸ�́̈˲̉˲̉˄ƩɗĆʪƿ̂˲̀¶�˴̙ˡ

ǀ̅ɹȴʧɵÖ̝ŻÖ̂˴̙ Ni ̢́̓͠͠ʪé̇ɡĸ�́ Cr ˧̖̊�ʝ̇ Fe ̈ͭ

̶͍͇͢ʪƿ́ˣ̙̬ͤ͘ʧʪ ((Fe, Mg) (Al, Cr)2O4) ̂˲̀¶�˲ͭ˔fƿɡĸ�́

Fëō° 80 wt%, Cr̈ 6 wt%̂�ȮǙ̄ÖǤ̂Žʁ˲̀�7Ǚ̅¯ˤˡ˯̖̇˥̄ǀ

ÿ˨̗ͭųǭº¼�&)̇Ƣ¼̅̈ͭɡĸ̝»G̅Ʃɗ˰˶̙āɎ˩ˣ̙ˡFe �

&)ŽTř̇ˀ̅ͭ54Fë 54Crͭ40Ar14N, 56Fë 40Ar16O, 57Fë 40Ar16O1H, 58Fë
58Ni˨̗ͭCr�&)ŽTř̅˧ˤ̀̈ͭ50Cr̈ 50Ti̕ 50V, 54Cr̈ 54Fē̖̘̃̅�

ʢ)åƝ̝y˭ͭƢ¼9̅ôˌ̝�˦̙ˡ˯̇KͭAr, H, N, Ö̷͖͐͠ƥ̠̱̇͢

̶̩ͦ̕Ʃ³̕°ſǎŖ́ˣ̙˩ͭVͭTiͭNi ̈ɡĸǎŖ́ˣ̙ˡǝǙBȑ̇�&)

̂ɵʤĴ˩ʢ̗̄̄ˤ�&)̝Ƣ¼˲Ɋų̝c˦̙˺̓˯̗̇̚åƝBȑ̅˾ˤ̀̔

Ʃɗɡĸ�̇Bȑ�wǅ̝Žʁ˴̙āɎ˩ˣ̙ˡ 

2 ˾ǝ̈ɵʤÝXdś́ˣ̙ˡMC-ICP-MS ̷͖́̈ͭ͐͠˨̗Bȑ̢̧̝ͦǠǹ
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ː ̅ï˪S˴ˀ̷͖̝̅ͭ͐͠ūĐ˴̙̠̱ͦ̔͢°ʤ̅ĘS˰̙̚ˡ˸̇Ȗś̢ͭ

̧ͦï˪S˲ː ̢̧́̈ͦ͌ͩ͘ñì˩ˉã̅ñˤǹʴˆ&dś˩ǋ˳ͭ˯̖̅̚

̘ʀˤ�&)˩ɸe®̌̂̈˳˨ͭ̚ʢˤ�&)̂Žʁ˲̀ɵʤTřɚḰ̢̧̇ͦ

ʋʔdǅ˩'�˴̙ˡ˯̚˩ɵʤÝXdś́ˣ̘ͭŧS˰̙̚5|ñì̈ɡĸ�̇

�&)¶�Ž˸̇̐̐̇9̗̂̈̄̄ˤˡ˯̇dś̈ 1 ɵʤÝò˺̘Ĵ%̂°˪˫ͭ˯

̇Ɋų˩�&)Tř̇ǫì̝˙̙̓�́āɎ�zű́ˣ̙ˡ˯̐́̇̚ɵʤÝXd

ṥɊų̅̈ͭ̅KʝɊųƋͭ®ʝɊųƋ˩Ǎˤ̗̀̚˪˺ˡ˯̗̚úŖ̇Ɋų

Ƌ̅Ç˲ͭbraketing Ƌ̈Třɡĸ̇]ù̅ŭƦƿɵ̝Ƣ¼˴̙˯̂́�&)Ž̇ǟ

ÇǙ̄e̝ŽʁǙȇ1̅ƃ̙̓˯̂˩́˪̙ĻƋ̂˲̀ FeͭCrͭNi, Mo, Cu ̄̃̇

�&)Tř̅è˫Ǎˤ̗̀̚ˤ̙ˡ̐˺ͭˣ̙ 1˾̇ɵʤĴ̇�&)̝�ÛǙ̅ƲȠ

˲˺ƲȠ�&)ɡĸ (̶̢̬͋) ̝ 2ǵ˓-Ǎ˲ͭ Ċ̇a~́ƚ~˲˺�&)ȔĐ

˩ľǣ̇ǀŷ̄ɡĸ̝őǣɡĸ̅ƛc˲̀Tř˴̙̽͏̶̢̬͋͢Ƌ̈ͭ̽͏̶͢

̢̬͋ɡĸ̇Ʀ=̕Şų̅Ĕʴ̈˨˨̙̔̇̇ͭDʈ̇ɊųƋ̖̘ǫì˩˙˫șÇ�

&)ȔĐ̇Ɔ¼̕ TIMS ́̇º¼�&)ŽTř̅Ǎˤ̗̙̚ˡFe �&)Tř̈�

ȮǙ̅ braketing Ƌ̖̙̅Ɋų́iT́ˣ̙˯̂˩ǣ̗̀̚ˤ̙ˡCr �&)́̔

braketing Ƌ̝Ǎˤ˺ǧǸ˩ʆç¯˫ɐ̗̙̚˩ͭ̽͏̶̢̬͋͢Ƌ̝Ǎˤ˺ TIMS ̅

̖̙Tř̇Ļ˩Ɠ́ˣ̙ˡ˲˨˲̄˩̗ͭǊ¨ɡĸ̅ĂǍ˲˺.̞̈̎̂̃̄˫ͭĿ

œ�K̅˧˭̙˛ Cr º¼�&)Tř̇.̅ʵ˲̀̈ǚƺ́ˣ̙ˡ˲˺˩˽̀ͭ̽͏͢

̶̢̬͋Ƌ̖̙̅ Cr�&)TřĔƋ̝ǫǻ˴̙āɎ˩ˣ̙ˡ 

œǼ́̈ͭ˄ƩɗĆ̇ʪƿ̝¯˫�̒Ǌ¨ɡĸ̇ Fe˧̖̊ Cr�&)Tř̇˺̓

̇ōʙ̄ƩɗĻƋ˧̖̊TřĻƋ̝ǫǻ˴̙˯̝̂ǝǙ̂˲ͭNi ̢́̓͠͠ɡĸ˧̖

̊ÖǤŭƦɡĸ̅Ç˲ǔ̙̄ƩɗƋ̝ʙǍ˲Bȑ̇�wǅ̝ƃ̓ōʙ̄ƩɗĻƋ

̝ŧɛ˲ͭCr ̇̽͏̶̢̬͋͢ɡĸ̝,ɋ˲�&)ȔĐ˩ľǣ̇ɡĸ̝Ǎˤ̀Tř

ȋì̇ǫɤ̝Ɂ˽˺ˡ 

 

2.2 ŪɎ̂ĔƋ 

2.2.1 Ǌ¨ɡĸ̇TɗƋ̇ŧɛ 

Ǌ¨ɡĸ̂˲̴̢͇̠̀ͦ̈́ Soroako ʪÔ̇ Ni ̢́̓͠͠ʪé̇ŻÖͭLimonite ɡ

ĸ˧̖̊ŭƦɡĸ̂˲̀˨̞̗̞Ö́ˣ̙ JP-1 ̅Ç˲ͭƚʠ̂˙ơ˙�TɗƋ̢͖ͭ

̬̣̤ͤͩ͏TɗƋ˧̖̊cƽͬɹˋƌTĳTɗƋ̇ͱ˾̇ǔ̙̄ĔƋ̝Ǎˤ̀G
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Ʃɗ̝Ɂ˽˺ˡ̐˺ͭû̗̚˺TɗƩƘ̝ɥËȖ~̷͖͐͠ǖETETřɈȢ 

(Inductively coupled plasma-atomic emission spectrometor; ICP-AES), ICP-MS̅/˲ͭ

ɎͨþʤBȑƲì̝ƃ̓�wǅ̝ɚȁ˲ōʙ̄ƩɗĻƋ̝ŧɛ˲˺ˡ 

 

2.2.2 TɗƋ̇ŧɛ̅Ǎˤ˺ɡĸ 

Ni ̢́̓͠͠ʪé̇�ɆǙ̄ŻÖɡĸů˔fƿɡĸ̂˲̀ͭ2014 ç 6 Ŏ̅ǌŨ

ĕɂȜ~ǧǸē (National Institute of Advanced Industrial Science and Technology; 

AIST) ̇¾Řn¬˩Ĥx˲˺̴̢͇̠ͦ̈́ Soroako ʪÔ Petea Block ̇ő˔fȾȏ

Öf˨̞̗̞Ö (140621-1BR)ͭRed Limonite ɡĸ (140621-1RL) ̝ˎˤ˺ˡ̐˺ͭ

ŭƦɡĸ̂˲̀ͭ�ǈf¸ŭƦƿɵ̇˨̞̗̞Ö́ˣ̙ JP-1 (AIST) ̝Ǎˤ˺ˡ

140621-1BRͭ140621-1RL̈]Rǉ̂˲̀¿ơ̅̀˔�ùͭʧ�ʩ̝Ǎˤ̀ 2–3 mm

̅ȊǨ˲ͤ̿̈́͗͢ (̷̴̨͖̾͌ͩ̿ͩ͢͟®PG200, º��Ťşî"ǯ) ̝Ǎˤ̀

ȈǨ˲˺̝̔̇ȈŒɡĸ̂˲˺ˡ 

 

2.2.3 TɗƋ̇ŧɛ̅Ǎˤ˺ɡȼ 

ƩɗĻƋ̅Ă˳̀ͭ35.0–37.0% HCl (Ultrapure-100; ʵŗf¸şî"ǯ)ͭ69.0–

71.0% HNO3 (Ultrapure-100; ʵŗf¸şî"ǯ) ˧̖̊ 46.0–51.0% HF (Ultrapure-

100; ʵŗf¸şî"ǯ) ̇rƘ̂ͭrƘ̝ɹȐƀ (>18.2 MΩ cm) ̝Ǎˤ̀àʡ˲

˺ 6 M HCl˧̖̊ 4 M HNO3 ̝Ǎˤ˺ˡ 

 

2.2.4 ɡĸTɗƋ 

2.2.4.1 ˙ơ˙�TɗƋ 

Ĕˏ͎̝̇ͤͩ̾͛ͩ̓ Fig. 2.1a̅Ǯ˴ˡ30 mg̅Ǳʤ˲˺ȈŒɡĸ̝ 4 mL PTFE

ɋɡĸÁ� (MHT-4, �ċǰ¸şî"ǯ)̅ǳ˲ͭHNO3˧̖̊ HF ̝} 0.5 mL ˵

˾c˦ SUS316 ɋ¯µî̴ͦ̽ͩ͡ (MHC-100-4, �ċǰ¸şî"ǯ) ̅Ɉ§˲˺

ù̅Ȧ�̶̶́ͦͣɋ̵̮͛̿̓ (HUS-100, �ċǰ¸şî"ǯ)K̸̅̿̓˲165℃̇

ćơƶ̅ 72 ŇʴˈȢ˲cƽ˲˺ˡƁOƀ́ 30 TOp˲˺ùͭɡĸ̝ 10 mL ͎́ͤ

̢̠ͦ͊̅͢ǳ˲ͭ120℃́��˲˺ˡ��˲˺ɡĸ̅ 0.5 mL̇ 6 M HCl̝c˦ 4 mL 

PTFE Á�̅ǳ˲ͭ¯µî̴ͦ̽ͩ͡Á�˧̖̊Ȧ�̶̶̵̸̮́ͦͣ͛̿̓̅̿̓˲

165℃̇ćơƶ́ 24ŇʴˈȢ˲cƽ˲˺ˡƁOƀ́ 30TOp˲˺ùͭɡĸ̝ 10 mL
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̢͎̠́ͤͦ͊̅͢ǳ˲˺ˡ0.1 mL̇ 6 M HCl ̝Ǎˤ̀ 4 mL PTFEÁ�K̅Ÿ˽˺

ŸƠ̕Ƙƫ̝�w˴̙,Ũ̝ 2�Ɂ˽˺ù 110℃́��˲˺ˡ��ɡĸ̅ 0.1 mL̇

6 M HCl̝c˦Ʃɗù��˰˶̙,Ũ̝ 3�Ɂ˽˺ˡōù̅ 1 mL̇ 4 M HNO3̅M

Ʃɗ˰˶ͭ2 mL ̢͖̬ͤ̾ͩ͝͏̅ǳ˲ 3000 rpm ́ 10 TʴʘĀT˃̝Ɂ˽˺ù̇

�Ư̝̑Tɗɡĸ̂˲˺ˡ 

 

2.2.4.2 ̢͖̬̣̤ͤͩ͏TɗƋ 

Ĕˏ͎̝̇ͤͩ̾͛ͩ̓ Fig. 2.1b̅Ǯ˴ˡ30 mg̅Ǳʤ˲˺ȈŒɡĸ̝ 7 mĹ͎

̢̠ͤͦ͊̅͢ǳ˲ͭHNO3˧̖̊ HF ̝} 0.5 mL˵˾c˦̢͖̬ͤƌɡĸ]RǉɈ

Ȣ (Ethos One, ̶̢͖̹͇̓ͩͦ͢͢͠şî"ǯ) ̸̅̿̓˲ͭ8.8˟/T́ 220℃̐́

łơ˲˺ù̅ 15T4ě˲̀ɡĸ̝Ʃɗ˲˺ˡ100℃́��˰˶˺ùͭ1 mL̇ 6 M HCl

̝c˦Mì��˰˶̙,Ũ̝ 3�Ɂ˽˺ˡōù̅ 1 mL̇ 4 M HNO3̅MƩɗ˰˶ͭ

2 mL̢͖̬ͤ̾ͩ͝͏̅ǳ˲ 3000 rpḿ 10TʴʘĀT˃̝Ɂ˽˺ù̇�Ư̝̑T

ɗɡĸ̂˲˺ˡ 

 

2.2.4.3 cƽͬɹˋƌTĳTɗƋ 

Ĕˏ͎̝̇ͤͩ̾͛ͩ̓ Fig. 2.1c̅Ǯ˴ˡ˯̇ĻƋ̅˾ˤ̀̈ 140621-1BR˧̖̊

140621-1RLÇ˲̀̇̑Ɂ˽˺ˡ3.62 mg̅Ǳʤ˲˺ 140621-1BR˧̖̊ 10.88 mg̅

Ǳʤ˲˺ 140621-1RL̇ȈŒɡĸ̝ 7 mL ̢͎̠́ͤͦ͊̅͢ǳ˲ͭHNO3˧̖̊ HF

̝} 1 mL˵˾c˦Ⱥ̝ʲ̓ 90TʴɹˋƌTĳ̝Ɂ˽˺ˡ˯̝̚ 120℃̅ƽ˲˺͓̿

̓͐ͣͩ̓́ 4Ŀʴcƽ˲˺ˡ˸̇ùͭ90TʴɹˋƌTĳ̝ɁˤͭȺ̝ʳ˭ 80℃́�

�˲˺ù̅ 1 mL̇ 6 M HCl̝c˦Mì��˲˺ˡōù̅ 1 mL̇ 4 M HNO3̅MƩ

ɗ˰˶ͭ2 mL ̢͖̬ͤ̾ͩ͝͏̅ǳ˲ 3000 rpm ́ 10 TʴʘĀT˃̝Ɂ˽˺ù̇�

Ư̝̑Tɗɡĸ̂˲˺ˡ 

 

2.2.5 �wǅɚȁ 

ǝǙBȑ̇�wǅ̈��̇î̝Ǎˤ̀ɚȁ˲˺ˡ 

�wǅ =
KLMN ×OLMN

KPQR ×OSTU
× VWW(%) (Y − V) 

˯˯́ͭCsup̈TɗƩƘɡĸ�̇}BȑƲì (μg/L)ͭWsup̈TɗƩƘɡĸ̇ʤ (L)ͭ 
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CRef̈tƼƲì (μg/g)ͭWsam̈Tɗ˲˺ɡĸ̇ʢʤ (g) ̝Ǯ˴ˡ̬ͤ͘º¼�&)

ŽTř̅˧ˤ̀̈ͭ50Cr̅Ç˲ 50Ti, 50V̕ 54Cr̅Ç˲ 54Fė̖˥̅�ʢ)åƝ̝ï

˪ɸ˯˲Ƣ¼9̅ôˌ̝�˦̙ˡǀ̅ɹȴʧɵÖ̕˸̇˔fƿ̅̈ TiͭFe ˸˲̀ V

˩¯˫¶�˴̙˺̓˯̗̇̚Bȑ̇�wǅ̝ǣ̙āɎ˩ˣ̙ˡ˯̇˯̝̂ɽ̐˦ͭɎ

ĐT̈MgO, Al2O3, CaO, TiO2, MnO, Fe2O3ͭþʤBȑ̈ VͭCr, CoͭNi̝�wǅɚ

ȁ̇Çɰ̂˲˺ˡtƼƲì̂˲̀ 140621-BR ˧̖̊ 140621RL ̇ɎĐTȔĐ̈

AIST ̶̩̅̀͌ͩ̈́͠Ƌ̖̘̥͇̫̅ͩ͢Tĳ�ȿE X ȞTřɈȢ (Wavelength 

Dispersive X-ray Fluorescence; WD-XRF; MagiX PRO, PANalytical) ̝Ǎˤ̀ƃ̓˺

9̝-Ǎ˲˺ˡ̐˺ͭþʤBȑ̇tƼƲì̅̈ Actlabs Laboratories (Ontario, Canada) 

͙̼͓̣̅̀ʠ̣̾͘͡/�͓̣ʠ̣̾͘͡ƩɀƋ̖̘̅ɡĸ̝Ʃɗ˲ͭICP-MS ̝Ǎˤ̀

Ƣ¼˲˺9̝Ǎˤ˺ˡ̶̩͌ͩ̈́͠,ɋǍ̇ɡĸ̇]Rǉ̂˲̀ͭ1000℃́ 2 Ňʴc

ƽ˲ͭƀT̂ĪǖĐT̝ʺs˲˺ˡƞÍ˲˺ɵʤ̇a~̝ñƽƞʤ (Loss of Ignition; 

LOI) ̂˲ͭ˯̇9̝�̓̀ɎĐTȔĐ˩ 100%̙̖̅̄˥̅ĩȁ˲˺ˡ̄˧ͭ

140621-BR ̇ TiO2 ˧̖̊ 140621-RL ̇ CaO ̅˾ˤ̀̈tƼƲì˩ŧSʸǑ9 

(0.2%, 0.01%) ��́ˣ̘ͭųǭ9˩û̗̄̚˨˽˺˺̓ͭ�wǅɚȁ̈Ɂ̜̄ˤ

̔̇̂˲˺ˡJP-1̇ɎĐTȔĐ˧̖̊þʤBȑƲì̼̇͂ͩ̈ Imai et al. (1995) ̝

tȤ̅˲˺ˡ140621-BRͭ140621-RL˧̖̊ JP-1 ̇tƼƲì̝ Table 2.1 ̅Ǯ˴ˡ̄

˧ͭŭƦƿɵ́ˣ̙ JP-1 ̇TɗƩƘ̇ ICP-AES˧̖̊ ICP-MS ̇TřMǇĆ̝Ǯ

˴ǟÇŭƦ:Ý (RSD%) ̈ō°́ 10%Ǵì́ˣ̙˺̓ͭ�wǅ̈ 100±10%̝ɞÁ

Ȅ�̂˲ͭ�ʸ̝ 110%ͭ�ʸ̝ 90%̂˲˺ˡ 

 

2.2.6 Fe�&) 

2.2.6.1 m˃ͨȋɋĻƋ 

ōȓǙ̄ Fe ̇ɵʤ̂˲̀ 50 μg ̝û̗̙̖̚˥̅ͭāɎʤ̇ȈŒɡĸ̝Tx˲ͭ

140℃́��˲˺ˡ˸̇ùͭ0.05 mL̇ HNO3 (Ultrapure-100; ʵŗf¸şî"ǯ) ̝

ƛc˲��˴̙,Ũ̝ 4�ȡ̘ʇ˲ͭFe ̝»G̅ 30̇ǁč̅˲˺ˡȚˤ̀ͭ0.1 mL

̇ 8 M HCl (Ultrapure-100; ʵŗf¸şî"ǯ) ̝ƛc˲��˴̙,Ũ̝ 3�ȡ̘ʇ

˲ͭ30̇Fe̝̬ͤͤʯ)̅˦˺ˡ˰̗̅ͭ�Ȑƿ̝x̘ʺ˫˺̓ͭBorrok et al. (2007) 

̅Ō̝c˦˺��̇ĻƋ̖̘̅ Fe ̇ȋɋ̝Ɂ˽˺ˡ̢̧ͦ�ĩůȩ (AG1-X8 

200–400 mesh, Bio-Rad) ̝C§˲˺̨̅ͭ͘͠1 mL̇ 8 M HCl̅Ʃɗ˲˺ɡĸ̝Ɠ
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˲˺ùͭ5 mL̇ 8 M HCl, 5 mL̇ 3 M HCl̝ˏ̅Ɠ˲̶͖̬̝̓̿͡ʺs˲˺ˡōù

̅ 4 mL̇ 0.4 M HCl ̝Ɠ˲ FėȋɋƩƘ̝�w˲˺ˡFėȐì̝˙̙̓˺̓̅ͭ

˯̇ȋɋĔˏ̝ 2�ȡ̘ʇ˲˺ˡ�w˲˺ȋɋƩƘ̈��˲˺ùͭ5 mL̇ 1% HNO3

̅Ʃɗ˲ͭ˧̖˸ 2 ppṁ FeƩƘ̂˲˺ˡ̄˧̶͖̬ͭ̓̿͡ʺs̅Ǎˤ˺ 8M HCl, 3M 

HCl˧̖̊ 0.4M HCl̈ 36%HCl (ˆ´ÛŨǍ; ʵŗf¸şî"ǯ) ̝ 2�ȸǒ˲ͭ

ɹȐƀ́àʡ˲˺̝̔̇-Ǎ˲˺ˡ 

 

2.2.6.2 TřĻƋ 

Fe�&)ȔĐ̈Ȝ~�ǈǊ¨¸ǧǸēēŏ͖̰̬̼̇̾ͣͩ͢� ICP-MS (MC-

ICP-MS; Neptune Plus, Thermo Scientific) ̝Ǎˤ̀Ƣ¼˲˺ˡɈȢ̖̙͎̅̈́̓͡Ɋų

̇˺̓ͭŭƦɡĸ−őǣɡĸ−ŭƦɡĸ̖̇˥̅ŭƦɡĸ̝őǣɡĸ̇]ù̅Ƣ¼˲ͭ

æ�9̝ĤǍ˴̙ braketing Ƌ̝Ǎˤ˺ (Weyer and Schwieters, 2003)ˡ40Ar14N+, 
40Ar16O+, 40Ar16OH+̖̙̅ 54Fe, 56Fe, 57Fe ̌̇�ʢ)åƝ̝ʶˬ˺̻̓ͭ͗̈́ͣ͢͡͝

̴͚ͩͦͩ̈́͟ (M/ΔM = 8000–9000) ́Tř̝Ɂ˽˺ˡ̐˺ͭ54Cr+̖̙̅ 54Fe+ͭ58Ni+

̖̙̅ 58Fe+̌̇åƝ̈ 52Cr+˧̖̊ 60Ni+̝Ǎˤ͚̼̀͆ͩ˲ͭ�&)¶�ì 

(54Cr/52Cr = 0.0282, 58Ni/60Ni = 2.616) ̝Ǎˤ̀Ɋų˲˺ (Beard and Johnson, 1999)ˡ

�&)ȔĐ̈ͭ��̇î̖̘̅ͭIRMM-014b (Institute for Reference Materials and 

Measurements) ̇ 56Fe/54FeŽ̅Ç˴̙ɡĸ̇ 56Fe/54FeŽ̇:Ý̂˲̼̀͂͢ɆɜƋ 

(‰) ̝Ǎˤ̀Ǯ˴ˡ 

δ56FeIRMM-014b (‰) = [(56Fe/54Fe)]ɡĸ/(56Fe/54Fe)IRMM-014b-1]×1000          (ͰˠͰ) 

Tř̇MǇĆ̈ŭƦɡĸ̇ȡ̘ʇ˲Ƣ¼̖̘ͭ±0.01‰ (2σ) ́ˣ˽˺ˡ 

 

2.2.7 Cr�&) 

2.2.7.1 ̽͏̶̢̬͋̇͢,ɋ 
50Cr (>95%) ̂ 54Cr (>94%) ̇ʠfƿ̶̢̬͋ (Oak Ridge National Laboratory) ̝

˸̚˹̚ 7 mL̢͎̠̇́ͤͦ͊̅͢Gʤǳ˲Ǳʤ˲˺ˡ˯̅̚ HNO3 (TAMAPURE-

AA-100; ¯ĭf¸ÛŨşî"ǯ) ͭHF (TAMAPURE-AA-100; ¯ĭf¸ÛŨşî

"ǯ) ̝} 0.5 mL˵˾ƛc˲ͭȺ̝ʲ̓ 100℃́ 48Ňʴcƽ˲˺ˡcƽù̢̠̇͊

̇͢ëʝ̅Ʃ˭Ÿ̘˩ɐ̗̚˺˺̓ͭ˰̢̗͖̬̣̤̅ͤͩ͏TɗɈȢ (ETHOS One, 

̶̢͖̹͇̓ͩͦ͢͢͠şî"ǯ) ̝Ǎˤ̀ō˙ơì 220℃̭̖̘̇͐ͤ̅͘͠cƽT
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ɗ˲˺ˡ˯̗̝̚ 125℃́��˲ͭ0.1 mL̇ HNO3̝ƛc˲Ⱥ̝ʲ̓ 10Tʴcƽ˲˺

ù 900 μL̇ɹȐƀ̝c˦˺ˡ̐˻Ʃ˭Ÿ̘ȉ´˩ǫɤ˰̚˺˺̓ͭ10TʴɹˋƌT

ĳ̝Ɂˤ 125℃́cƽ˲˺ˡ˯̅̚ 2 mL̇ɹȐƀ̝c˦ͭƩ˭Ÿ̘˩ƺˤ˯̝̂ǫɤ

˲˸̚˹̚ 50Cr ̶̢̬͋ƩƘͭ54Cr ̶̢̬͋ƩƘ̂˲˺ˡ̶̢̬͋ƩƘ�̇ Cr Ʋì̝

ICP-AEŚƃ̓ͭƩƘ�̅¶�˴̙ 50Cr˧̖̊ 54Cṙƿɵʤ̝ɚȁ˲˺ˡFantle and 

Bullen (2009) ̇ 50Cr-54Cr̽͏̶̢̬͋͢ȔĐ (50Cr/52Cr= 20.907ͭ54Cr/52Cr=21.590) 

̝tȤ̅ͭCr ̇ƿɵʤ˩˧̖˸ 1:1 ̙̖̅̄˥ 50Cr ̶̢̬͋ƩƘ̂ 54Cr ̶̢̬͋ƩƘ

̝ƚ~˲˺ˡ̖˫Ğ̘ƚ˷˺ùͭ125℃́ 30 Tʴcƽ˲ƚ~˲¿ơ̅Ē˲˺ˡ˯̝̚

100 mL͎͔̇́ͤͦ̓̅͢ǳ˲ͭHNO3Ʋì˩ 5%́Gʤ˩ 100 mL̙̖̅̄˥ͭHNO3

̂ɹȐƀ̝c˦ͭ˯̝̚ 50Cr-54Cr̽͏̶̢̬͋̂͢˲˺ˡ 

 

2.2.7.2 m˃ͨȋɋĻƋ 

GƩɗɡĸ̂̽͏̶̢̬͋͢�̇ Crʤ˩ͭ˸̚˹̚ 10 μg ̂ 1.602 μg̙̖̅̄˥̅

10 mL̢͎̠̇́ͤͦ͊̅͢Tx˲̖ͭ˫ƚ~˲˺ù̅ 80℃́��˲˺ˡ̽͏̶̢͋͢

̬̝»G̅ƚ~˰˶̙˺̓̅ͭ˰̗̅ 0.2 mL̇ 6 M HCl ̝ƛc˲Ⱥ̝ʲ̓ 1–2Ňʴ

cƽùͭMì��˲˺ˡ��˲˺̲ͦ͐̅͢ 1 mL̇ 6 M HCl ̝c˦ 80℃́cƽƩ

ɗ˲ͭ30TO̕˲ãơ̅Ē˲˺ˡ˯̢̝͖̬ͤ̾ͩ̚͝͏̅ǳ˲ͭ5,000 rpḿ 10Tʴ

ʘĀT˃˲˺ˡ˰̗̅ͭ�Ȑƿ̝x̘ʺ˫˺̓ͭTrinquier et al. (2008) ˧̖̊

Yamakawa et al. (2009) ̝tȤ̅��̇ĻƋ̖̘̅ Cṙm˃ͨȋɋ̝Ɂ̄˽˺ˡCṙ

m˃ͨȋɋ̅̈Gʝ́ 1st̨͘͠˨̗ 3rd̨̐́̇͘͠ 3˾̨̇͘͠Rǉ̇ɁǴ˩ˣ̙ˡ

̐˵ͭ1st̨́̈͘͠ 1 mL̇ʻ̢̧ͦ�ĩůȩ (AG1-X8 200–400 mesh, Bio-Rad) ̝

C§˲˺̨͘͠ (͖̬ͤ̿͘®̨͗͆͘͠ S, ¿Į̮̌͗͢şî"ǯ) ͍̝̅ͭ͒̿̓Ǎˤ

̀ʘĀT˃Ɯɡĸ̇Ƈźƿ̝ʛ˭ƩƘ̝Ɠ˲ͭȚˤ̀ 4 mL̇ 6 M HCl̝Ɠ˲˺ˡ˯

˯́̈ͭCr ̂ Ni˩ůȩ̞̅̎̂̃4ě˰̚˵ƩƘ̂˲̀́̀˫̙̇́ͭ10 mL͎̇́ͤ

̢̠ͦ͊̅͢�w˲˺ˡȺ̝ʲ̓ͭƩƘ̝̖˫̘̋ƚ˷˺ù 80℃́��˲˺ˡ˯̅̚

0.4 mL̇ 6 M HCl ̝ƛc˲ 80℃́ 1Ňʴcƽù¿ơ̙̅̄̐́Op˲˺ˡ˰̗̅ͭ

2.0 mL ̇ɹȐƀ̝ƛc˲ͭȺ̝ʲ̖̓˫Ğ̘ƚ˷˺ùȑŁ˫ʽ̢̧ͦ�ĩůȩ 

(AG50W-8 200–400 mesh, Bio-Rad) ̝ 1 mLC§˲˺ 2nd̨͘͠˛ (͖̬ͤ̿͘®̨͗͆

͘͠ S, ¿Į̮̌͗͢şî"ǯ) ̅Ɠ˲˺ˡȚˤ̀ 3.6 mL̇ 1 M HCl̝Ɠ˲ 10 mL̇

̢͎̠́ͤͦ͊̅͢�w˲˺ˡ˯˯́̈ Ni˩ůȩ̅4ě˰̙̚�Ļ́ Cr̞̈̎̂̃4
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ě˰̚˵̨̝͘͠ʌ̙ˡȺ̝ʲ̓ͭƩƘ̝̖˫̘̋ƚ˷˺ù 80℃́��˴̙ˡ��˲˺

ɡĸ̅ 0.1 mL ̇ HNO3 ̝c˦ 1–2 Tcƽ˲ 1.9 mL ̇ɹȐƀ̝ƛc˲ͭȺ̝ʲ̓

80℃́ 3Ňʴcƽù��˴̙ˡMì 0.1 mL̇ HNO3̝c˦cƽ˲ 2.9 mL̇ɹȐƀ

̝c˦˺ùͭ��˶˵O̕˲̀¿ơ̅Ē˴ˡ˯̝̚ 1st̨̂͘͠�˳ʽ̢̧ͦ�ĩůȩ

̝ 0.3 mLC§˲˺ͭƽwȠ͎́ͤͦ̾ͩ͝͏ɋ̇ 3rd̨͘͠ (V=0.3 mL, d=4.05 mm, 

h=23.3 mm) ̅Ɠ˲ͭȚˤ̀ 1 mL̇ 0.5 M HNO3ͭ3.0 mL̇ 0.5 M HFͭ10 mL̇ 1 

M HCl̝ˏ̅Ɠ˲̶͖̬̝̓̿͡ʺs˴̙ˡōù̅ 5 mL̇ 1.8 M HCl ̝Ɠ˲ Cṙȋ

ɋƩƘ̝�w˴̙ˡ�w˲˺ȋɋƩƘ̈ 80℃́��˲˺ùͭ6 M HCl ̅ʙ½Ʃɗ˲

̡̭ͤͩ͂ͦɡĸ̂˲˺ˡ̄˧̶͖̬ͭ̓̿͡ʺs̅Ǎˤ˺ 1 M HCl, 1.8 M HCl ̈

36%HCl (ˆ´ÛŨǍ; ʵŗf¸şî"ǯ) ̝ͭ0.5 M HNO3̈ 70% HNO3 (ˆ´Û

ŨǍ; ʵŗf¸şî"ǯ) ̝ 2 �ȸǒ˲ͭɹȐƀ́àʡ˲˺̝̔̇ͭ0.5 M HF ̈˛

(TAMAPURE-AA-100; ¯ĭf¸ÛŨşî"ǯ) ɹȐƀ́àʡ˲˺̝̔̇-Ǎ˲˺ˡ 

 

2.2.7.3 ̡͎͙ͦ̓̌̇͠ɡĸ̡̭̇ͤͩ͂ͦ 

Cr ̢̧̈ͦf̴͕́ͦ͛͢˩˙˫ͭTIMS ̢̧́̈ͦf˲˄ˤBȑ̇˺̴̨̯̓ͭ͡

͢―͓̣ʠ―̠̣͗͆͘͢ (Si-B-Al) ̢̢̧̼͐̇ͦf3ʐ^̝Ǎˤ˺ˡ3ʐ^̈

SiCl4 ̂ H3BO3 (suprapur; Merck) ˨̗,ɋ˲˺͓̣ʠ˖�ƩƘ̝ƚ~˲,ɋ˲˺̴͡

̨̯̝͢ 1,000 ppṁ AlŭƦƩƘ (ʥÑTřǍ; Ä¬̡͎͘͢�EȐȼşî"ǯ) 

̂)ǷÁʤ́ 2:1̇a~́ƚ~˲˺̔̇́ˣ̙˛ (Yamakawa et al., 2009)ˡɡĸ�̇ Cr

ʤ 1 μg̅ǟò˴̙ƩƘ̅Ç˲ Si-B-AlƒĆ^ 1 μL̡̝͎͋͘͢͠�̖́˫ƚ~˲ͭ�

=cƽ̖̘̅�Ȑƿ̝ʺs˲˺̶̡̼̭͎͙ͦ́ͦͦ̓̅ͤͩ̈́͠˲˺ˡ 

 

2.2.7.4 ̽͏̶̢̬͋̇͢Şų̂TřĻƋ 

,ɋ˲˺ 50Cr-54Cr̽͏̶̢̬͋̇͢Şų˧̖̊őǣɡĸ̇Ƣ¼̅̈Ȝ~�ǈǊ¨

¸ǧǸēēŏ̇ TIMS (TRITON, Thermo Scientific) ̝-Ǎ˲˺ˡ̽͏̶̢̬͋̇͢

Şų̅̈MC-ICP-MṠ-Ǎ̔zȨ́ˣ̙˩ͭ~ɚ̇ɵʤÝXdś˩Ì˰˫ͭĜĴʵ

Ĵ̇Ƌ\̅ú˥̂ˤ˥ǀÿ˨̗ͭœǧǸ́̈ TIMS ̝Ǎˤ˺ˡNIST 979 (National 

Instutite of Standards and Technology)ͭ50Cr-54Cr̽͏̶̢̬͋ͭ͢NIST 979 ̂ 50Cr-54Cr

̽͏̶̢̬̝͋͢ƚ~˲˺ɡĸ̝Ƣ¼˲˺ˡNIST 979̈ 4˾ͭ�̇ 2ɡĸ̈ 3˾͎̇

̡͙̝ͦ̓͠ǍĊ˲ͭ}̡͎͙ͦ̓̅͠˾˪ 600 � (25cycles×24blocks) Ƣ¼̝ 2 ̸̿̓̂
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Ti ͚̼̇͆ͩǍ̅ 5 � (5cycles×1block) Ƣ¼̝ 1 ̸̿̓Ɂ˽˺ˡőǣɡĸ}ɡĸ̅

˾˪ 1˾̡͎͙̝̇ͦ̓͠ǍĊ˲ͭ300� (25cycles×12blocks) Ƣ¼̝ 1̸̿̓̂ Ti͚̇

̼͆ͩǍ̅ 5� (5cycles×1block) Ƣ¼̝ 1̸̿̓Ɂ˽˺ˡ56Fe˧̖̊ 51V̇ñì̝͚

̼͆ͩ˲ͭ54Fe ̖̙̅ 54Cr ̂ 50V ̖̙̅ 50Cr ̌̇�ʢ)åƝ̇ôˌ̝�&)¶�ì 

(54Fe/56Fe =0.0637, 50V/51V = 0.00251) ̝Ǎˤ̀Ɋų˲˺ˡ50Ti ̔ 50Cř̇�ʢ)å

Ɲ̝ï˪ɸ˯˲û̙˩ͭTi ̇͌ͩ͘ñì (48Ti ˧̖̊ 49Ti ̇ñì) ̈Ƣ¼̝ʌ˲̀ŧ

S˰̄̚˨˽˺˺̓Ɋų̈Ɂ̜̄˨˽˺ˡû̗̚˺̼͂ͩ˨̗ͭ50Cr-54Cr̽͏̶̢͋͢

̬˧̖̊őǣɡĸ̇�&)ȔĐ̝ɚȁ˲˺ˡɚȁĻƋ̅˾ˤ̀̈ 2.2.7.5 ́ʈ̙̍ˡ

̐˺ͭ,ɋ˲˺̽͏̶̢̬͋͢˧̖̊TřĔƋ̇ɠ0̂˲̀ͭCr �&)ȔĐ˩£�˰

̀̚ˤ̙ JP-1̝Ƣ¼˲ͭ9̝Žʁ˲˺ˡ 

 

2.2.7.5 ̼͂ͩɗř (ɵʤÝXdṥɊų) 

̽͏̶̢̬͋͢ (spike)ͭ̽͏̶̢̬͋͢ƛcɡĸ (mixture)ͭ̽͏̶̢̬͋͢ˉƛc

ɡĸ (normal) ̇�&)ȔĐ̬̝̈͑̓͢Ǎˤ̀Ɇ˴˯̂˩́˪ͭ˸̇ʵ2Ć̈ɁV

î̖̘̅Ǯ˴˯̂˩́˪̙ˡ̽͏̶̢̬̝͋͢Ǎˤ˺�&)TřƋ̅˧˭̙˯̖̇˥̄ 3

ŲḂɆǇ̈ Hofmann (1971) ̖̅˽̀W̓̀Ĩ�˰ͭ̚Russell (1971) ̕ Hamelin 

et al. (1985) ́̔Ǎˤ̗̀̚ˤ̙ˡœǧǸ́̈ͭ˯̇ɗřĻƋ̅˾ˤ̖̀˫̗̐̂̓̚

̀ˤ̙ Galer (1999) ̅úˤɵʤÝXdṥɊų̝Ɂ˽˺ˡ̬̖̙͑̓̅͢�&)ȔĐ

̇ɆǇ̅˾ˤ̀ͭ204Pb -207Pb ̽͏̶̢̬̝͋͢Ǎˤ˺Ȍ̝.̅Ȥ˦̙̂ͭ�&)Ž̈

TŻ̅ 204Pb̝Ǎˤ̀ 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb́Ɇ˰ͭ̚˯̗̇̚�&)Ž

̈˧�ˤ̅Ǟ�ɿ̝Ǎˤ̀Ǯ˰̙̚ (Fig. 2.2; Galer, 1999)ˡ˯˯́ͭnormal ̂ mixture

̇Ǡ̇�&)ȔĐ (̬͑̓͢) ̈ NͭMͭƢ¼9̈ nͭḿǮ˰ͭ̚Ǡ̇9̂Ƣ¼9ʴ

̇˵̈̚ɵʤÝXdś̖̙̅̔̇́ˣ̙ˡ˯̇˵̬̈ͭ͑̓̚͢ fnͭfm ́Ɇ˴˯̂˩́

˪ͭN̈Ų̇î́Ɇ˰̙̚ˡ 

Z = [ + ] ∙ _̀ (2 − 3) 

˯˯́ͭϵ̈ˣ̶̨̙ͩ͠ʤ̇¾Ĵ́ 1 ɵʤˣ˺̘̇�&)TX2Ĵ̝Ǯ˴ˡ̐˺ͭ

spikė�&)ȔĐ (̬͑̓͢) ̝ S ̂˴̙̂ͭSͭNͭM̈ǞȞ�̅&Ȣ˲ͭŲ̇ʵ2

́Ɇ˰̙̚ˡ 

(Z − c) = d ∙ (e − c) (2 − 4) 

̶̨ͩ͠ʤ q̈ spikėƚ~Ž̝Ǯ˴̶̨ͩ͠ʤ́ˣ̙Q ̂g = (d − 1)/ḋʵ2̅ˣ
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̙ˡî (2-4) ̝ƒǍ˴̙̅̈ͭǠ̇�&)ȔĐ NͭM ̂Ƣ¼9 nͭm ̝˸̚˹̚ʵʏ

˿˭̙āɎ˩ˣ̙ˡn ̂ m ̇ 1 ɵʤˣ˺̘̇�&)TX2Ĵ̝ϵͭζ̂˴̙̂ͭî (2-3)

̈Ų̖̇˥̙̅̄ˡ 

Zi = [i × (1 + ] ∙ ∆i) (2 − 5) 

ei = li × (1 + m ∙ ∆i) (2 − 6) 

i ̈ 3 ˾̇�&)Ž̝ͭ∆ïT´̂TŻ̇�&)̇ɵʤÝ̝Ɇ˴ˡ˯˯́ͭî (2-4) 

̅î (2-5)ͭ(2-6) ̝�F˲̀ͭo = m ∙ d̂Ȣ˫̂ͭŲ̇ó́Ɇ˰̙̚ˡ 

d ∙ (ci − li) − o ∙ (∆i ∙ li) + ] ∙ (∆i ∙ [i) = ci − [i (2 − 7) 

 

˯̇î̈Ų̇ɁVî́Ɇ˴˯̂˩́˪̙ˡ 

Α ∙ r
d
o
]
s = Β (2 − 8) 

˯˯́ͭɁV A ̬̂͑̓͢ B̈��̖̇˥̅Ɇ˰̙̚ˡ 

Α = v
c: − l: −∆: ∙ l: +∆: ∙ [:
cC − lC −∆C ∙ lC +∆C ∙ [C
cD − lD −∆D ∙ lD +∆D ∙ [D

w (2 − 9) 

Β = v
c: − [:
cC − [C
cD − [D

w (2 − 10) 

î (3-7) ̅Ç˲ ȦʊɁV A-1̝	ʄ̅ģ˭̙˯̂́ͭq, z, ϵ˩û̗̙̚ˡ̄˧ͭnï

NIST 979 ̇Ƣ¼9̝Ǎˤ˺ˡ̐˺ͭGaler (1999)́̈î (2-5)ͭ(2-6) ̅Ǯ˲˺ linear 

laẇɊųî̖̘̅ɵʤÝXdś̝Ɋų˲̀ˤ̙˩ͭlinear laẅɦÝ˩°˪ˤ˺̓ͭ

œǧǸ̖̘́̈ɦÝ˩Í̄ˤ̂˰̀̚ˤ̙��̇ exponential law̝Ǎˤ̀Ɋų̝Ɂ˽

˺ˡ 

REz = {`z ∙ *1 + ∆l/l|.
}∙1~					 (2 − 11) 

R7z = {1z ∙ *1 + ∆l/l|.
}∙1~			 (2 − 12) 

˯˯́ͭ{Ez̈�&) iͭj Ž (i/j) ̇Ɋų9ͭ{`z̈Ƣ¼9ͭΔm ̈ i ̂ j ̇ɵʤÝͭ

mj̈ j̇ɵʤͭα̈Ɋų2Ĵ̝Ɇ˴ˡNͭM̅˾ˤ̀˸̚˹̚vüɚȁ̝ 5�Ɂ˽˺

Ȗś̝ōȓǙ̄Ɋų9̂˲˺ˡ50Cr-54Cr̽͏̶̢̬͋̇͢ȔĐɚȁ̅˾ˤ̀̈ͭNIST 

979̝ spikeͭ̽͏̶̢̬̝͋͢ normalͭNIST 979 ̂̽͏̶̢̬͋̇͢ƚ~ƿ̝mixture

̂˲�Ŭ̇Ĕˏ́ƃ̓˺ˡ�&)ȔĐ̈ͭ��̇î̖̘̅ͭNIST 979 (National 

Institute of Standard and Technology) ̇ 53Cr/52CrŽ̅Ç˴̙ɡĸ̇ 53Cr/52CrŽ̇:
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Ý̂˲̼̀͂͢ɆɜƋ (‰) ̝Ǎˤ̀Ǯ˴ˡ 

δ53CrNIST 979 (‰) = [(53Cr/52Cr)]ɡĸ/(53Cr/52Cr)NIST 979-1]×1000            (Ͱˠͯͱ) 

̐˺ͭƢ¼ɦÝ̅˾ˤ̀̈ͭƢ¼9̇ŭƦ:Ý̇ 26 (2σ, ‰) ̝Ƣ¼9̅cȁ˲�

Ŭ̇ɚȁ̝Ɂˤͭ˯̝̚Ɋų9{Eźʺ˲˺ŭƦɦÝ (2SE, ‰) ́Ɇ˲˺ˡ 

 

2.3 Ȗś 

2.3.1 JP-1̇ɎBȑ˧̖̊þʤBȑ̇�wǅ 

JP-1 ̇TɗƩƘɡĸ�̇ɎBȑ˧̖̊þʤBȑ̇�wǅ̝ Fig. 2.3a ̅Ǯ˴ˡ

˙ơ˙�TɗƋ́̈ͭ1�ǝͭ2�ǝI̅G̀̇þʤBȑ̇�wǅ́ 100±10%̇9

̝Ǯ˲˺ˡ�Ļ́ͭɎBȑ̈ CaO, Fe2O3̝ʺ˫Bȑ́'ˤ�wǅ (13–86%) ̝Ǯ

˲˺ˡ̢͖̬̣̤ͤͩ͏TɗƋ̅˧ˤ̀̔, MgO, Al2O3 ̇�wǅ̈˸̚˹̚ 58–71%, 

13–62%̂˙ơ˙�TɗƋ̂�Ŭ̅'ˤ9̝Ǯ˲˺ˡ˸̇�̇ɎBȑ˧̖̊þʤ

Bȑ̈ MnO ̝ʺ˪G̀�wǅ˩ 110%̝��̙9̝Ǯ˲˺ˡǀ̅˙ˤ̔̇́̈ CaO, 

V, Co, Ní˸̚˹̚ 138%, 172%, 140%, 163%́ˣ˽˺ˡ˙ơ˙�TɗƋ̇ 1�ǝ

̂ 2�ǝ̇�wǅ̇Ý̈ Al2O3̇ 23%̝ʺ˪˧˧̖˸±5%́ˣ̘ͭȯˤMǇĆ̝Ǯ˲

˺ˡ 

 

2.3.2 ŻÖɡĸ̇ɎBȑ˧̖̊þʤBȑ̇�wǅ 

140621-BṘTɗƩƘɡĸ�̇ɎBȑ˧̖̊þʤBȑ̇�wǅ̝ Fig. 2.3b̅

Ǯ˴ˡ˙ơ˙�TɗƋ́̈ɎBȑ̇ CaOͭMnO ˩ 90% ��̇�wǅ̝Ǯ˲˺

˩ͭ˸̇�̇Bȑ̈ˤ˵̔̚ 90%��̂'˫ͭFe2O3̈ 86%́ˣ˽˺ˡþʤBȑ́̈ͭ

V ̝ʺ˫G̀̇Bȑ˩ 102–105%̂ 100%̅ʆˤ�wǅ̝Ǯ˲ͭV̈ 116%̂�ʸ̝�

�̙9̝Ǯ˲˺ˡ̢͖̬̣̤ͤͩ͏TɗƋ́̈ͭɎBȑ̈ˤ˵̔̚ 90%��̂'ˤ

�wǅ̝Ǯ˲˺ˡǀ̅ͭMgOͭAl2O3̈ 64%ͭ37%̂�̇Bȑ̂Žʁ˲̀̔�wǅ˩'

˫ͭ˯̇>�̈ JP-1 ̇˙ơ˙�TɗƋ˧̢̖͖̬̣̤̊ͤͩ͏TɗƋ̇Ȗś̂˓%˲

̀ˤ˺ˡcƽ+ɹˋƌTĳTɗƋ́̈ͭɎBȑ̇�wǅ̈ Fe2O3 ̝ʺ˪ 100±10%

̇Ȅ�̅˧˰̙̐˙ˤ�wǅ˩û̗̚˺ˡFe2O3 ̇�wǅ̈ 85%̂˙ơ˙�TɗƋ

̇Ȗś̂�Ǵì́ˣ˽˺ˡþʤBȑ̈ Ni ̇ 107%�®̈ 110%��̂�wǅ̇�ʸ

̝ɹ˦̙˙ˤ9̝Ǯ˲˺ˡ 
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2.3.3 Red Limoniteɡĸ̇ɎBȑ˧̖̊þʤBȑ̇�wǅ 

140621-RL̇TɗƩƘɡĸ�̇ɎBȑ˧̖̊þʤBȑ̇�wǅ̝ Fig. 2.3c̅

Ǯ˴ˡ˙ơ˙�TɗƋ́̈ͭɎBȑ̇ TiO2, MnO ̈ 94%, 96%̂ 100%̅ʆˤ�

wǅ̝Ǯ˲˺ˡFe2O3 ̈�ʸ̇ 90%̅Ƥ˺̄ˤ 88%̂ʆˤ9̝Ǯ˲˺�Ļ́ͭMgO, 

Al2O3 ̈ 41%, 14%̂ˉã̅'ˤ9̝Ǯ˲˺ˡþʤBȑ̈ͭV, Cr ˩ 110%, 104%̂

100%̅ʆˤ�wǅ̝Ǯ˲˺˩ͭCo, Nï 111%, 114%̂�ʸ̇ 110%̝��̙9́ˣ

˽˺ˡ̢͖̬̣̤ͤͩ͏TɗƋ́̈ͭɎBȑ̈ TiO2̇ 100%̝ʺ˪G̀�wǅ̇�

ʸ́ˣ̙ 90%��̂'ˤ9̝Ǯ˲˺ˡǀ̅ͭMgO, Al2O3, Fe2O3̈˸̚˹̚ 14%, 12%, 

26%̂ˉã̅'ˤ9́ˣ˽˺ˡ�Ļ́þʤBȑ̞̇̎̂̃̈ 100±10%̇Ȅ�̅F̙

˙ˤ�wǅ̝Ǯ˲˺˩ͭCr ̈ 25%̂'ˤ9̝Ǯ˲˺ˡcƽͬɹˋƌTĳTɗƋ́̈ͭ

ɎBȑ̈ TiO2, MnO˩�wǅ̇�ʸ́ˣ̙ 110%̝°˪˫ɹ˦̙ 189%, 177%̝Ǯ

˲˺ˡ�Ļ́ͭMgO, Fe2O3̈ 89%, 88%̂�wǅ̇�ʸ́ˣ̙ 90%̝��̙9̝Ǯ˲

˺ˡɎBȑ́̈ Al2O3 ˩ 109%̂�� 100±10%̇Ȅ�K̇9̝Ǯ˲˺ˡþʤBȑ

̈ Ni̇ 113%̝ʺˤ̀̈ 97–105%̂ 100%̅ʆˤ9̝Ǯ˲˺ˡ 

 

2.3.4 Cr ̽͏̶̢̬͋͢ȔĐ̂ JP-1̇�&)ȔĐ 

NIST979̝Ǎˤ̀Şų˲˺̽͏̶̢̬͋̇͢ȔĐ̂ͭtȤ9̂˲˺ Fantle and Bullen 

(2009) ̇Cr̽͏̶̢̬͋͢ȔĐ̝Table 2.1̅Ǯ˴ˡû̗̚˺̽͏̶̢̬͋͢ȔĐ̈ͭ
50Cr/52Cr=17.312 ͭ 54Cr/52Cr=20.328 ́ ͭ t Ȥ 9 ́ ˣ ̙ 50Cr/52Cr= 20.907 ͭ
54Cr/52Cr=21.590 ̂Ū̆ʆˤȔĐ˩û̗̚˺ˡ̐˺ͭŽʁƿɵ̂˲̀Ƣ¼˲˺ JP-1 ̇

9̈˝53Cr=-0.056˜0.097˞́ˣ˽˺ˡ 

 

2.4 ȤÆ 

2.4.1 �wǅ̌̇ôˌ�´̂ Fe, Cr˧̖̊þʤBȑ̇�wǅ̌̇ôˌ 

�wǅ˩'ˤ9̝Ǯ˲˺Bȑ̅˾ˤ̀̈ͭŲ̇Ͱ˾̇r�˩Ȥ˦̗̙̚ˡ�˾ǝ̈ͭ

˄ƩɗĆƿɵ̇óĐ̂IƇͭ�˾ǝ̈˄ƩɗĆʪƿ̇Ÿ¶́ˣ̙ˡ140621-1BRͭ

140621-1 RĹ̈ Fe2O3̇�wǅ̜̈˵˨̅ 90%̝��̙9̝Ǯ˲˺ (Fig. 2.3b,c)ˡ

�Ļ́ͭJP-1 ́̈ 1�ǝͭ2�ǝI̅ 90%��̇�wǅ̝Ǯ˲˺ (Fig. 2.3a)ˡFe ̈

JP-1 ́̈̅˨̞̗̞Ǥ̂�ʝ˩̬ͤ͘ʧʪ�̅�̐̀̚ˤ̙̂Ȥ˦̗̙̚ˡ˨̞̗̞

Ǥ̈HF̂HNO3̇ƚʠ̝-Ǎ˴̙˯̞̂́̎̂̃˩Tɗ˴̙˯̂˩zȨ́ˣ̙ˡ̬ͤ͘
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ʧʪ̈˄ƩɗĆʪƿ́ˣ̙˺̓ͭƩ˭Ÿ̘˩ǋ˳̙zȨĆ˩ˣ̙˩ͭTɗƩƘ�̇Ƈ

źƿ̇ȈŒ XȞ�ėƋ (X-ray diffraction; XRD) ̇Ȗś˨̗̬̈ͤ͘ʧʪ̅âÑ˴

̙͍̬ͩ̈ǫɤ˰̄̚˨˽˺ˡ̐˺ͭ1 �ǝͭ2 �ǝI̅�wǅ˩ 90%��̝Ǯ˲˺˯

̂˨̗̬ͤ͘ʧʪ̈̎̏»G̅Ʃɗ˲˺̂Ȥ˦̗̙̚ˡ140621-1BR�̇ Fe ̨̔̅ͦ

ͦ͠Ǥ̕ȾȏǤ̂ˤ˽˺ǆʠ¦ʪƿ�̅�̐̀̚ˤ̙̂Ȥ˦̗̙̚˩ͭ�ʝ͖̭͇̈

̢̼̬̓ͤ̕͘ʧʪ̂ˤ˽˺̶͍͇͢ʪƿ�̅̔�̙̐̚ˡ140621-1RL ́̈̅ʦʧ

ʪ̬̂ͤ͘ʧʪ˩ Fe ̶͓̇̓ʪƿ́ˣ̙ˡ˲˨˲̄˩̗ͭXRDͭSEM-EDX ̇Ȗś́̈

ĺ˺̄Ƈźƿ̬ͤ̕͘ʧʪ̂Ą̜̙̚ʪƿȉ´̈ǫɤ˰̄̚˨˽˺ˡ˲˺˩˽̀ͭ

140621-1BR ˧̖̊ 140621-1RL ̇ Fe ̇�wǅ˩'˫̄˽˺r�̂˲̀̈˄ƩɗĆ

ƿɵ̇Ƈź̕˄ƩɗĆʪƿ̇Ÿǒ�®̇Ɏ�˩Ȥ˦̗̙̚ˡ˸̇Ɏ�̂˲̀̈ͭt

ƼƲì̇ Fe2O3 Ʋì˩˙˫ɐǷ̗̔̀̚˧̘�wǅ˩'˫̄˽˺zȨĆ˩Ȥ˦̗̙̚ˡ

tƼƲì̇ Fe2O3̈XRF̖̅˽̀ƃ̓̀˧̘ͭȾȏÖ̕ Limoniteɡĸ�̇ Fe2O3Ʋ

ì̈ŧʤȞɡĸ̂˲̀-Ǎ˰̙̚�ȮǙ̄ƴĐÖ�̅�̙̐̚Ʋì̝ɹ˦̀ˤ̙˺

̓ͭ¾ˀ̇Ʋì̖̘̔˙ˤȖś̂̄˽̀ˤ̙̂Ȥ˦̗̙̚ˡ˸̇˺̓ͭFe̅˾ˤ̀̈ 85-

110%̝�wǅ̇ɞÁȄ�̂˲˺ˡ 

Cr2O3̅˾ˤ̢͖̬̣̤̀̈ͭͤͩ͏TɗƋ˧̖̊ 140621-1BR ̇cƽͬɹˋƌT

ĳTɗƋ̝ʺ˪ͭG̀̇ɡĸ̅˧ˤ̀ 100±10%̂˙ˤ�wǅ˩û̗̚˺ˡ�wǅ˩

110%̖̘˙ˤ9̝Ǯ˲˺ 140621-1BR ̇cƽͬɹˋƌTĳTɗɡĸ̅˾ˤ̀̈ͭT

ɗɡĸʤ̝ 30 mg ̂ŽʁǙÍʤ̅ɝ¼˲˺˺̓ͭɡĸ̇��ɵĆ˩ǋ˳ͭCr ̶͓̇

̓ʪƿ́ˣ̙̬ͤ͘ʧʪ˩�̇Tɗɡĸ̖̘̔ȳå¯˫�̐̀̚ˤ˺˯̂˩r�́ˣ̙

̂Ȥ˦̗̙̚ˡ 

˙ơ˙�TɗƋ̢͖̬̣̤ͭͤͩ͏TɗƋ̝Ǎˤ̀Tɗ˲˺ɡĸƩƘ�̇MgO˧

̖̊ Al2O3̇�wǅ̈ˤ˵̇̚ɡĸ̅˧ˤ̀̔ȷ˲˫'ˤ9̝Ǯ˲˺ˡTɗǍ̇ƚʠ

̅ HF ̝Ǎˤ̙˺̓ͭʔ`͎̄̿fƿ̢̧ͦ˩ɡĸ�̇ Mg̕ Al ˣ̙ˤ̈ Ca ̂vĂ

˲˄ƩɗĆ͎̇̿fƿ (e.g., MgF2, CaAlF5, CaMg2Al2F12) ̝óĐ˲˺zȨĆ˩˙ˤ 

(Yokoyama et al., 1999) ˡ̐˺ͭ˯̗͎̇̿̚fƿ˩ǋĐ˴̙ˀ̅¯˫̇þʤBȑ˩I

Ƈ˴̙˯̂˩ǣ̗̀̚ˤ̙˩ͭTiͭNiͭV ̈TɗĻƋ̖̅˽̀Ý˩ɐ̗̙̔̇̇ͭ̚�

wǅ̈˧̖˸ 100±10%̝Ǯ˲˺˯̂˨̗IƇ̖̙̄̃̅˯̗̇̚Bȑ̌̇ôˌ̈'ˤ

̂Ȥ˦̗̙̚ˡ 
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2.4.2 Ǌ¨ɡĸ̇TɗĻƋ̇ɠ0 

Fe ˧̖̊ Cr ̅˾ˤ̀̈ͭ140621-1BRͭ140621-1RL ɡĸI̅˙ơ˙�TɗƋ̔

˲˫̈cƽͬɹˋƌTĳƋ̖̅˽̀̎̏ 100%�wzȨ́ˣ̙˯̂˩T˨˽˺ˡ̐˺ͭ

Fe ̕ Cr ̇�&)Tř̇ˀ̅�ʢ)Bȑ̂˲̀åƝ̝ï˪ɸ˯˴zȨĆ̇ˣ̙ Tiͭ

VͭNi ̅˾ˤ̀̔ 2 ˾̇TɗĻƋ́Ū̆�wzȨ́ˣ˽˺˩ͭǀ̅˙ơ˙�TɗƋ

̅˧ˤ̀ 100%̅ʆˤ�wǅ˩û̗̚˺ˡ̐˺ͭJP-1̇˙ơ˙�TɗƋ̖̙̅ 1�ǝ

̂ 2 �ǝ̂̇�wǅ̇Ý̈ Al2O3̇-23%̝ʺ˪ͭ-10–+6%̂ǂˤȄ�̅˧˰̐˽̀˧

̘MǇĆ̇ˣ̙TɗĻƋ́ˣ̙˯̂̔ǫɤ˲˺ (Fig. 2.3a)ˡ��̇˯̂˨̗ͭÖǤ̕�

«̖̇˥̄Ǌ¨ɡĸ�̇Fe˧̖̊Cr�&)Třɡĸ̇TɗĻƋ̂˲̀̈HF+HNO3

̇ƚʠͭHCl ̶̶̵̮̝̂́ͦͣ͛̿̓-Ǎ˲˺˙ơ˙�TɗƋ˩ōʙ́ˣ̙̂Ȥ˦̗

̙̚ˡ˲˺˩˽̀ͭœǧǸ̅˧˭̙ Fe ˧̖̊ Cr �&)Třɡĸ̇TɗĻƋ̅̈˙

ơ˙�TɗƋ̝ʙǍ˴̙˯̂̂˲˺ˡ 

̢͖̬̣̤ͤͩ͏TɗƋ̈ 200℃��̂ˤ˥˙ớTɗ̝Ɂ˥˺̓ͭ˄ƩɗĆʪƿ

̄̃̇TɗȨb˩˙˫ͭ̐˺ͭʥÑ̸̝̄̃͢-Ǎ˲̄ˤ˺̴̰̼͇̝̓ͦ͗ͩͦ͟ō

Ìʸ̅Ė˦̙˯̂˩́˪̙˯̂˨̗¢Ƿƿ̕�«ͭÖǤ̇Tɗ̄̃̅è˫YǍ˰̀̚˪

˺ˡ˲˨˲̄˩̗ͭœǧǸ̅˧˭̢̙͖̬̣̤ͤͩ͏TɗƋ̖̙̅ JP-1ͭ140621-1BRͭ

140621-1BR ̇TɗƩƘɡĸ�̇}Bȑ̇�wǅ̈ˤ˵̔̚ 100±10%̇Ȅ�˨̗

°˪˫®̀̚˧̘ͭTɗ˩�»Ǵˣ˽˺̂Ȥ˦̗̙̚ˡœǧǸ́̈HF+HNO3ƚʠ̇

̝̑Ǎˤ˺˺̓ͭǀ̅ Feʪƿ̇¯˫˩ɗ˭Ÿ˽˺̂Ȥ˦̗̙̚ˡ̢͖̬̣̤ͤͩ͏Tɗ

Ƌ̅˧ˤ̀˙ˤ�wǅ̝û̙˺̓̅̈ͭHF+HNO3ƚʠ̖̙̅Tɗ̇ù̅ͭHCl ̝Ǎ

ˤ̙ 2 ̶́̿͐̇Tɗ̝Ɂ˥˯̂́�wǅ˩��˰̙̔̇̂̚Ȥ˦̗̙̚ˡ 

 

2.4.3 ̽͏̶̢̬̝͋͢Ǎˤ˺ Cr�&)TřĔƋ̇ɠ0 

Žʁƿɵ́ˣ̙ JP-1̇ δ53Cr9̈-0.056±0.097‰́ˣ̘ͭ˯̈̚DɁǧǸ́£�˰

̀̚ˤ̙ JP-1̇ δ53Cr9-0.102±0.012‰ (Bonnand et al., 2016)˛ ̂ɦÝ̇Ȅ�́�ȭ

˲̀ˤ̙˯̂˨̗ͭ̽͏̶̢̬͋̇͢Şų̕TřĔƋ˩�ˑ̄ˤ˯̂˩Ǯ˰̚˺ˡ˲˨˲

̄˩̗ͭû̗̚˺ JP-1 ̇ δ53Cr 9̇ɦÝ̈±0.097‰̂°˪˫ͭTřȋì̅˾ˤ̀̈į

�̇+�˩Ÿ̙ˡ˸˯́ͭ̽͏̶̢̬̝͋͢Ǎˤ˺TřĔƋ̇ōʙf̅˧ˤ̀Ĝŭ̂

̙̄ɦÝĚ°ǅ (γ) ̝��̇î̝Ǎˤ̀ƃ̓˺ˡ 
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� =
ÄÅÇiÉ4Ñ
ÄÖ`/2iÉ4Ñ

(2 − 13) 

˯˯́ͭσspiked ̈̽͏̶̢̬̝͋͢ƛc˲˺ɡĸ̇ŭƦ:Ýͭσunpiked ̈̽͏̶̢͋͢

̬̝ƛc˲̀ˤ̄ˤɡĸ̇ŭƦ:Ý̝Ɇ˴ˡJP-1˧̖̊Ní̢̓͠͠ʪǤɡĸ̇Tř

9̇ γ ̈ 2.40–3.01 ́ˣ̘ͭ˯̈̚DɁǧǸ̅˧ˤ̀ɞÁȄ�̂˰̀̚ˤ̙ 2 ̝̜˵

˨̅ɹ˦̀ˤ̙ (Fig. 2.4, Bonnand et al., 2011)ˡ˯̈ͭ̚γ˩ 2��̙̂̄̽͏̶͋͢

̢̬̂ɡĸ̇Ž˩Ȏ 0.14–1.26́ˣ̙̇̅Ç˲ͭœǧǸ́̈Ȏ 0.0676̂̽͏̶̢̬͋͢

̇ƛcʤ˩Í̄˨˽˺˯̂˩r�́ˣ̙̂Ȥ˦̗̙̚ (Fig. 2.4)ˡ 

 

2.5 Ȗɫ 

Ni ̢́̓͠͠ʪé̇ŻÖͭRed Limoniteɡĸ˧̖̊ JP-1̅Ç˲ͭ˙ơ˙�Tɗ͖ͭ

̢̬̣̤ͤͩ͏TɗͭcƽͬɹˋƌTĳTɗ̇ǔ̙̄ 3 ˾̇ĔƋ̝Ǎˤ˺Ʃɗ¾˘

̝Ɂ˽˺Ȗśͭˤ˵̇̚ɡĸ̅˧ˤ̀̔˙ơ˙�TɗƋ̅˧ˤ̀ͭ100±10%̇Ȅ�

̅˧˰̙̐˙ˤBȑ�wǅ˩û̗̚˺ˡ̐˺ͭ˰̗̅ͭ˙ơ˙�TɗƋ̖̙̅ JP-1 ̇

ȡ̘ʇ˲¾˘̖̘ͭMǇĆ˩ˣ̙ĔƋ́ˣ̙˯̂̔ǫɤ˰̚˺ˡǊ¨ɡĸ̇GƩɗ̅ō

̔ʙ˲˺ƩɗƋ̂˲̀˙ơ˙�TɗƋ̝ǫǻ˲˺ˡ̐˺ͭ˙ȋì Cr �&)Tř̝ǝ

Ǚ̂˲ͭ50Cr-54Cr ̶̢̬̝͋,ɋ˲ͭNIST979 ̝Ǎˤ̀ TIMS ̖̘̪̅͛͡͏̴ͣͩͦ͟

̝Ɂ̄ˤ�&)Ž̝Ɔ¼˲˺ˡ˰̗̅ͭ,ɋ˲˺̽͏̶̢̬̝͋͢Ǎˤ̀Tř˲˺ JP-1

̇�&)ȔĐ˩ɦÝ̇Ȅ�́�ȭ˴̙˯̝̂ǫɤ˲ͭ̽͏̶̢̬͋͢Ƌ̖̙̅ Cr�&

)TřĔƋ̝ǫǻ˲˺ˡ˺˻˲ͭTřɦÝ̈ JP-1 ́˜0.09˞̂ŽʁǙ°˪˫ͭTřȋ

ì̇��̇˺̓̅̈ɌĴ̇ŭƦƿɵ̝Ǎˤ̙̇̅c˦ͭ̽͏̶̢̬͋͢ƛcʤ̝ō

ʙf˴̙āɎ˩ˣ̙ˡ̄˧ͭ˯̇Ǽ́ŧɛ˲˺Ȗśōʙ́ˣ˽˺ƩɗĻƋ̈Ǿ 4Ǽ̇

GÖþʤBȑȔĐTř˧̖̊ FeͭCr �&)Tř̅Ǎˤ˺ˡœǧǸ̅˧ˤ̀ǫǻ˲

˺˯̗̇̚]Rǉ˧̖̊TřĔƋ̈ǀ̶͍͇̅͢ʪƿ̇Ŭ̄˄ƩɗĆʪƿ̕åƝ

Bȑ̝¯˫�̒Ŭˢ̄ÖǤ̕ʪǤͭíƪɡĸ̌̇ĂǍ˩zȨ́ˣ̙ˡ 
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Table 2.1 140621-BRͭ140621-RL˧̖̊ JP-1̇tƼƲì. 

 
 

 

 

 

 

 

 

Table 2.2 Fantle and Bullen (2009) ˧̖̊œǧǸ́Ǎˤ˺ 50Cr-54Cr̽͏̶̢̬͋͢ȔĐ. 

 
 

 

 

Sample name 140621-1RL 140621-1BR JP-1
Sample type Red limonite Bedrock peridotite
Major (%) (a) TiO2 0.17 <0.2 0.006 *

Al2O3 22.95 0.79 0.66
Fe2O3(T) 50.09 8.77 8.37
MnO 0.06 0.21 0.12
MgO 0.7 34.83 44.6
CaO < 0.01 0.81 0.55

Trace (ppm) (b) V 388 40 28
Cr 18132 (c) 2640 2807
Co 229 104 116
Ni 5570 2120 2460

(a) determined by XRF at GSJ
(b) determined mainly by ICP-MS with acid digestion samples at Actlabs
(c) calculated by XRF data
*

50/52 53/52 54/52 50/54

Fantle and Bullen (2009) 20.907 0.2366 21.590 0.9684
This study 17.312 0.2210 20.328 0.8516
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Fig. 2.1 ɡĸƩɗĻƋ͎̇ͤͩ̾͛ͩ̓. ͪaͫ˛ ˙ơ˙�TɗƋͭ(b) ̢͖̬̣̤ͤͩ͏TɗƋͭ˛

(c) cƽͬɹˋƌTĳTɗƋ. 
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Fig. 2.2 Pb�&)̝.̅Ǎˤ˺̽͏̶̢̬͋͢ (spike; S)ͭ̽͏̶̢̬͋͢ƛcɡĸ (mixture; 

M)ͭ̽͏̶̢̬͋͢ˉƛcɡĸ (normal; N) ̇ʵ2. “6,4”ͭ“7,4”ͭ“8,4”ͭ̈˸̚˹̚ 206Pb/204Pb, 

207Pb/204Pb, 208Pb/204PbŽ̝ͭn, m̈˸̚˹̽̚͏̶̢̬͋͢ˉƛcɡĸͭ̽͏̶̢̬͋͢ƛcɡ

ĸ (mixture; M) ̝Ǯ˴. 
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Fig. 2.3 ɎBȑ˧̖̊þʤBȑ̇�wǅ. (a) JP-1, (b) 140621-1BR, (c) 140621-1RL. 
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Fig. 2.4 ɦÝĚ°ǅ (γ) ̂̽͏̶̢̬͋͢/ɡĸ̇ƚ~Ž̇ʵ2 (Bonnand et al., 2011).�ɖ̈œ

ǧǸ́û̗̚˺ɦÝĚ°ǅ (2.40–3.01) ˧̖̊̽͏̶̢̬͋͢/ɡĸ̇ƚ~Ž (~0.0676) ̝Ǯ˴. 
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Ǿ3Ǽ ʢʪƿɋʮ̖̅˽̀ƄŜ˰̚˺ƉÙ̅˧˭̙Ǌ¨ôˌɠ0 

3.1 ȧŉ 

ʢʪƿ̇ĤĢ˩Ɂ̜̀̚ˤ̙Ƭǥʪé̝�̞̒̎̂̃̇ REE ʪé̢͚̳́̈̓ͅ 

(monazite: (Ce, La, Nd, Th)PO4) ̢̹͈̼̕͘ (xenotime: YPO4) ̄̃̇ REEʪǤ�

̅ƺɒ́˪̄ˤʤ̣̇ͦ͠ (U) ̣̓̕͘͡ (Th) ̂ˤ˽˺ıÉĆBȑ˩�̐̀̚˧̘ͭ

˯̗̚˩ REE ɋʮ̅˧ˤ̀Ǌ¨̅ôˌ̝�˦̙˯̂˩ REE ɴƥʳǖ́̇ƙ[̄�

ˑ̂̄˽̀ˤ̙ (Chakhmouradian and Wall, 2012; Weng et al., 2013)ˡ˯̗̇̚ıÉĆ

Bȑ̈ɋʮʔǴ̇ʠĘS̕Ʃ³ĘS̖̅˽̀āƻǙ̅�)íťƿ�̅Ʋˁ˴̙˺

̓ͭ˸̇Ȃǉ̕RT˩ɩˑ́ˣ̙ˡ̐˺ͭ�ʄ� ̇¡ǛÖ̅˯̗̇̚Bȑ˩ŽʁǙ

˙Ʋì̅�̐̀̚ˤ̙¤~̔ˣ̙ˡ˲˺˩˽̀ͭʙŪǊ¨ôˌɠ0̝Ɂ˥̅̈ͭı

ÉĆBȑ̇ɸƥ˩�ƹǎŖ̔˲˫̈�ʄ̇�ɵǎŖ́ˣ̙̇˨ǀ¼˴̙āɎ˩ˣ̘ͭ

̐˺ͭ˯̗̇̚ıÉĆBȑ̇Ǌ¨�́̇ĝe̝Įʟ˴̙f¸vĂ˧̖̊˸̇Ɏ�̝

ǉɗ˴̙˯̂˩ʢɎ́ˣ̙ˡ 

REE Ʋì̕˸̇Ʋì̢̝̰ͦ̈́̓͠ʾǤ̕°ʼˍÖ�̇ REE Ʋì́ɑšf˲˺

REE ̼͋ͩͦ̈Ǌ¨�́̇�ƹǙ̄ôˌͭƄŜ̝ɨ̑x̙˺̓̇�ǈf¸ǙĜŭ̂

˲̀è˫Ǎˤ̗̀̚˪˺ (e.g., Bau and Dulski, 1996; He et al., 2010; Medas et al., 2013)ˡ

REE ̈ȌȘǙ̢̧̅ͦk÷˩ǔ̘̄˸̇�ǈf¸Ǚĝe˩˓%˲̀ˤ̙˩̸̣ͭ͘͡ 

(Ce) ͍̣ͩͤ̕͘͞ (Eu) ̈ɌĴ̇ʠfĴ̝ě˾˺̓ͭǊ¨̖̅˽̀̈ǔ̙̄ĝe

̝Ǯ˲ͭƲì̔˲˫̈REE̼͋ͩͦ̅vŅ˰̙̚ˡʨ (Pb) ̇�&)ȔĐ (204Pb, 206Pb, 
207Pb, 208Pb) ̔�ɵ¸Ǚ̶̺̄ͩ̔˲˫̈�ƹǙ̶̺̄ͩ̇ǀ¼̅è˫Ǎˤ̗̀̚˪˺

�ǈf¸ǙĜŭ̇�˾́ˣ̙ (Keinonen, 1992; Mukai et al., 1993; Ayrault et al., 

2012; Lee et al., 2014; Gutierrez-Caminero et al., 2015)ˡPb̈ REE̕ U, Th ̂�Ŭ̅

͖̭͖̇ȖŊTḟˀ̅̈�ʙ~Bȑ̙̂̄˺̓ͭPb �&)̈ REE �ŏʪƿ̇ɋ

ʮ̅$˥�ƹǙ̄ôˌ̇ǀ¼̅ŏd́ˣ̙̂Ȥ˦̗̙̚ˡ˲˨˲̄˩̗ͭ˯̗̇̚�ǈ

f¸ǙĜŭ̝ REE ɋʮ̇Ǌ¨ôˌɠ0̅ĂǍ˲˺.̕˸̇ŏǍĆ̅˾ˤ̀əu˲

˺DɁǧǸ̈̐˻̄ˤˡ 

Fe�&)Ž̈Ŭˢ̄ǋƿͭ�ǈf¸ǙvĂ̖̅˽̀f˴̙˯̂˩ǣ̗̀̚˧̘ͭ

˸̇¯˫̈Beard and Johnson (2004) ̖̅˽̀ͣͧͩ͝˰̀̚ˤ̙ˡ˲˨˲̄˩̗ͭFė

�ǈf¸Ǚ̢̲̬̅͢˧˭̙�&)̇¼ʤǙǉɗ̈�iT́ˣ̙ˡ˰̗̅ͭʪÔƒ

e̖̅˽̀ƄŜ˰̚˺ƉÙ̕¢Ƿƿ̇ Fe �&)̴̥̝̇͊ͩͦ͟͡ɪŝ˲˺ʆç̇
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ǧǸ̈¯˫̄ˤ (e.g., Egal et al., 2008; Borrok et al., 2009)ˡ 

œǼ̇ǝǙ̈ (1) REE ʪǤʪƿ˩�̙̐̚ʢʪƿ̇ɋʮ̖̙̅�ƹǙ̄Ǌ¨ô

ˌ̝hX˴̙�ǈf¸ǙĔƋ (ǀ̅ REE̼͋ͩͦ, Pb�&)) ̝ǫǻ˴̙˯̂ͭ (2) 

Fe �&)˩ƄŜ˰̚˺ƉÙ̅˧˭̙�ǈf¸ǙvĂ̇ǉɗ̅YǍzȨ́ˣ̙˨̝

ŧɛ˴̙˯̂ͭ(3) ʢʪƿɋʮǎŖ̇ƄŜƿɵͭǀ̅ Th, U̇ĝe̝Įʟ˴̙�ǈf

¸ǙɎ�̝ǉɗ˴̙˯̂́ˣ̙ˡœǼ́̈ͭ19 �ȍ˨̗ƈǷĆ̇Ƭǥʪé̅ǎŖ˴

̙ʭ̇ĤĢ˩Ɂ̜̀̚ˤ̙ͭKinta ͊ͣͩ̂�̴̙͖̠̉ͣͩͭ̚Ipoh Þ�ʄ� ̅

ǡǝ˲˺ˡǇ�́̈”amang”̂˲̀ǣ̗̙̚ʭ̇Îʪ�̅̈ monazite ̕ ilmenite 

(FeTiO3) ˩�̐̀̚˧̘ͭȕƜǙ̄09˩ˣ̙˺̓ͭREE ̕ Ti ̇ɋʮ˩Ɂ̜̀̚˪

˺ (Omar et al., 2007)ˡɋʮù̇íťƿ̈ɋʮÛ¤Ķ�K̇íƪ¤̅íť˰ͭ̚Ƨ

̗̓̀̚ˤ̙ˡ 

 

3.2 ɪŝ� ŪɎ 

3.2.1 amangɋʮē 

͒͠Ú̇Úʞ́ˣ̙ IpohÞ͖̈ͣͩk×gɍʝ̇ Kinta͊ͣͩ̅&Ȣ˴̙ˡKinta

Ù̈ PerakÙ̇ĮƓ̇�˾́ͭIpohÞ̂˸̇�ʄ� ̝g˨̗l̅Ɠ̙̚ (Fig. 3.1)ˡ

ɪŝ� ̅̈ͭKintaÙ̇ˤ˫˾˨̇Ì˰̄ĮƓ (e.g., Tributary SͭTributary J) ˩ɍ

;̇Ôʴʝ (˙ì̈ō˙́̔ 600 mǴì) ˨̗ Kinta͊ͣͩ̇�Āʝ̅�˨˽̀Ɠ

̀̚˧̘ͭ˯̗̈̚ Kinta Ù̅~Ɠ˴̙ˡIpoh Þ̇lŗʝ̅ͭTributary S ̅Ɗ˽̀

ilmenitėɋʮÛ¤˩ˣ̘ͭ˯˯́̈ʔs̅ǔ̙̄"ǯ˩ REĖɋʮ̝Ɂ̄˽̀ˤ˺

Û¤˩ˣ˽˺ˡilmenite ɋʮ̅ʵ̜̙íƪ¤˩Û¤̇Ķ�K̅ˣ̙ˡ̐˺ͭIpoh Þ̇

�Ā˨̗Ȏ 10 km˃̚˺ɍ;̇Ôʴʝ̅&Ȣ˴̙ Bukit Kledang ̂�̙̉̚�h̅

̈ʔṡ REE ɋʮ̖̅˽̀ġS˰̚˺ıÉĆíťƿ̇RT¤˩ˣ̘ , �ʆ̝

Tributary J˩Ɠ̀̚ˤ̙ˡıÉĆíťƿ̣̈̅̓͘͡ƀʠfƿ (Th(OH)4) ˨̗ūĐ

˰̀̚˧̘̰̬ͭͦͩ̓͡ª̕�ǈf¸Ǚ̠͊͡˧̖̊�«̇ɇɏ̝�̒ɌĴ̇Ò˨̗

̙̄ƕ��RT̖̘̅�̓ǻ̗̀̀̚ˤ̙ (Meor Yusoff, 2012)ˡKinta ͊ͣͩ̅̈Ĵ

ǘ̇ƅ̕ƣ˩¶�˲ͭ˯̗̇̚˥˼̞̎̂̃̈ʱç̇ʪÔƒėȖś́˪˺̔̇́ˣ

̙ˡ 

˨˾̀̇ REE ɋʮ˧̖̊Ǉ�̇ ilmenite ɋʮÛ¤̈̃˼̗̔Ǉ�́ĤĢ˰̚˺

amang ̝rŔĸ̂˲̀ˤ̙ˡamang ̈ monazite ̕ ilmenite ̇�̅ cassiterite (SnO2), 
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sircon (ZrSiO4), xenotime, rutile (TiO2), quartz (SiO2), pyrite (FeS2) ̄̃̇ʢʪƿ̝�

̒˛ (Omar et al., 2007)ˡǇ�Ƕ?�̇Û¤́̈ amang ˨̗ƿǉʚʪ̖̘̅T˃˲˺

ilmenite ̝ɋʮ˲̀ˤ̙˩ͭREE ʪǤʪƿ̔�Ȑƿ̂˲̀ƚ�˲̀ˤ̙ˡɋʮÛ¤́

̈ͭilmenite ɋʮ̅˧ˤ̀ō̔�ȮǙ̄ĔƋ́ˣ̙¦ȑƋ̔˲˫̈ǪʠƋ̇ˤ˵̚˨

̖̅˽̀ʢʪƿ̝Tɗ˲̀ˤ̙ˡ̃˼̗̇ĻƋ̅˧ˤ̀̔ͭ��̇ÛǴ́ REE ̕ U, 

Th ̝�̒ʥÑ�Ȑƿ˩ Fe ̂̂̔̅ƀʠfƿ̕Ǫʠ¦̖̇˥̄ŽʁǙƩɗ˲̕˴ˤ

ǟ̂˲̀�)íťƿ�̅Ƈźͭ̔˲˫̈�ǡ˴̙ˡ¦ȑƋ̵̰́̈ͭͦ͢ (Zr) ̖̇˥

̄�Ȑƿ̈¦ȑf˰̚˵̅vĂƿ�̅Ÿ̙̂Ȥ˦̗̚˛ (Braun et al., 1992; McNulty, 

2007)ͭ˯̗̇̚íťƿ̈Û¤Ů̇íƪ¤̅íť˰̙̚ (Fig. 3.1b)ˡ 

 

3.2.2 �ɵ 

ǧǸ� ̈ͭɮ;̅̅ǤƵÖͭ�ʄ̇Ôʴʝ̅̅ȱØÖ˩Tß˲̀˧̘˛

(Fig. 3.1a), Ɠ ̇�ɵ˩ǔ̄˽̀ˤ̙ˡIpoh̕ɋʮÛ¤˩&Ȣ˴̙ÞɃ�̝�̒ɮ

;̈˲̉˲̉jŚÖ̶ͣͩ̓̂̕ˤ˽˺ƍɵÖ̝$˥KintaǤƵÖÒ̝¡ǛÖ̂˲̀ˤ

̙ˡ˯̗̇̚¢ǷÖ̴̈͢͢ȍ˨̗͔͂ͦȍ̅˨˭̀¢Ƿ˲ͭɮ̶̨̅̓͢�ó̝ó

Đ˲˺ˡɮ̈Ô̅�̐̀̚˧̘ͭɮ̇ŗ;̇Main Range ̂ɮ̇ɍ;̇ Kledang Range

̝�̒ˡ̃˼̗̔͒͘͢ȍùŐ˨̗�Ǖȍ̅˨˭̀ɳF˲˺ S ̢̼͐ȱØÖ˨̗̙̄ 

(Krahenbuhl, 1991)ˡ̐˺ͭ˯̇ɳF̖̘̅ͭ��̇ǤƵÖ̈°ǉǤ̅Đ˲̀ˤ̙ˡ

ɮ̇ǤƵÖ̈ƽá̇ư˲ˤ˔f̖̅˽̀��̇ʭ̝�̒Wǋ̇ʭʪé˩ƈǷĆ¢

Ƿƿ̂̄˽̀ʒ̉̀̚˪˺¢Ƿƿ́ɏ̜̀̚˧̘ͭ˸̇q˰̈ Ipoh Þ�ʄ́̈ 6 m

Ǵì́ˣ̙˩ͭl̅úˤq˫̙̄>�˩ˣ̘ͭKinta ͊ͣͩ̇l;́̈ 30 m ̝ɹ˦̙ 

(Rajah, 1979)ˡ 

 

3.3 ɡĸĤx˧̖̊TřĔƋ 

3.3.1 ɡĸĤx˧̖̊Ǉ�ƀɵƢ¼ 

ƀͭ¢ǷƿͭďƱƿɵ˧̖̊ÖǤɡĸ̝ 2013 ç 10 Ŏ (˅·)ͭ2014 ç 3 Ŏ (�

Ő) ̇ǔ̙̄·ȃ̅Ĥx˲˺ˡ2013ç 10Ŏ̇ɡĸ̈ KintaÙ (K1–K3), Tributary J 

(J1, J2), Tributary S (S1–S3) ˧̖̊ 2˾̇ƣ (L1, L2)ͭ˸˲̀ ilmeniteɋʮÛ¤̇í

ƪ¤̇ƭƑƀ̖̅˽̀́˪˺ƀ˺̘̐ (P1) ̅̀Ĥx˲˺ˡ2014 ç 3 Ŏ̇ɡĸ̈ͭ

ilmeniteɋʮÛ¤�ʄ̖̘̇ǂˤȄ�̅˧ˤ̀Ĥx˲˺ˡTributary J (j1–j5), Tributary 
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S (s1, s3–s6)ͭíƪ¤̇ƭƑƀ̖̅˽̀́˪˺ƀ˺̘̐ (p1)ͭilmeniteɋʮÛ¤˨̗̇

ġƀɻ (d1), íƪ¤�ʄ̇(¹�˨̗ Tributary S̅~Ɠ˴̙ǋƒġƀɻ (d2ͭd3), 

˧̖̊ d2 ̂ d3 ̇ʴ́ǋƒġƀɻ̅Ɠ̚ʅ̒íƪ¤˨̗̇ƭƑƀ̖̅˽̀́˪˺ƀ

ʕ (p2) ̅̀Ĥx˲˺ˡɡĸĤx�Ƹ̝ Fig. 3.1̅Ǯ˴ˡ 

ƀɡĸ̇ƀơͭpHͭʠfʜBˆ& (Eh), ˆſ#Ëì (EC), Ʃ¶ʠȑƲì (DO), 

̨̠͢͡ì̈Ǉ�̅̀Ƣ¼˲˺ˡ̨̠͢͡ì̈ 0.45 μm ̧͕͎̥̇́̓ͤ̾ͣͦ͢͡͠ 

(PTFE) ɋ̡͎̼ͩ̅̀͢Ƴʔ˲˺ 50 mL̇ƩƘ̅ʙ½àʡ˲˺HNO3̝Ǎˤ̀ƫ¼

̝Ɂ̄ˤƃ̓˺ˡ̐˺ͭGran function plot Ƌ̨̖̘̠̅ͭ͢͡ì˨̗Ʒʠ̢̧ͦ̇Ʋì

̝ɚȁ˲˺ (Rounds, 2012)ˡƀɡĸ̈Ǉ�̅̀ 0.2 μm ̇ PTFE ̡͎̼̝ͩ͢Ǎˤ̀

Ƴʔ˲ͭʻ̢̧ͦTřǍ̇ɡĸ̈őRǉͭʽ̢̧ͦ˧̖̊�&)TřǍ̇ɡĸ̅̈ 

1vol%̙̖̅̄˥ HNO3 (Ultrapure-100; ʵŗf¸şî"ǯ) ̝ƛc˲˺ˡs4˧̖̊ s6

́̈ͭ0.2 μṁ̡͎̼ͩ͢�̅�ǡ˲˺�)̝ďƱƿɵɡĸ̂˲̀�w˲˺ˡ̐˺͕ͭ

̼ͩ͏͢Ȟʤɚ (Air Counter-S, ̶̥́ͩşî"ǯ) ̝Ǎˤ̀}�Ƹ̇Ǌ¨� (�

�˨̗Ȏ 1 m�ʝ) ̇ γȞ̇ǿ0Ȟʤ̝Ƣ¼˲˺ˡ 

 

3.3.2 TřĔƋ 

3.3.2.1 ƀɡĸ̇ɎͨþʤBȑƲì 

ʻ̢̧ͦTřǍ̇őRǉɡĸ̈ 10–2000 6̇ʴ́ʙ½àʡ˲˺ùͭCl-˧̖̊

SO42-̢̧ͦƲì̢̧̡̝̬͖̭͎ͦͤ̓ͩ͠ (IC; IC861, Metrohm) ́ͭSiO44-˧̖̊

PO4Ʋì̈�EEìɚ (V-550, JASCO) ̖̘͚̅͡͏͂ͦ͏ͩ͢Ƌ˧̖͚̊͡͏͂ͦ

̢̥ͤͩƋ̅¡˿˪Ƣ¼˲˺ˡʠƛcɡĸ̈ 10–10,000 6̇ʴ́ʙ½àʡ˲˺ùͭ

Ca, Mg, Na, K, Fe, Al, Mn˧̖̊ ZnƲì̝ɥËȖ~̷͖͐͠−ǖETETř (ICP-

AES; ICPE-9000, ×Ɛ) ̖̘̅ͭPb, Th, U˧̖̊ REEsƲì̝ɥËȖ~̷͖͐͠−ɵ

ʤTř (ICP-MS; iCap Qc, Thermo Scientific) ̖̘̅Ƣ¼˲˺ˡEu̅Ç˴̙ Baʠf

ƿ̇�ʢ)åƝ̝ōÌʸ̅˴̙˺̓ͭƢ¼�̇ʠfƿǋĐŽ̈ CeO/Ce Ž̝͚̼͆

ͩ˲ã̅ 0.5%��̙̖̅̄˥țě˲˺ˡ̐˺̵͎̤ͭͤͦƋ̖̘̅ͭƩ¶ Fe ̇ 2 0̂ 3

0̇Ž (Fe2+/Fe3+) ̝ƃ̓˺ (Stookey, 1970)ˡ 

 

3.3.2.2 ¢Ƿƿ˧̖̊ďƱƿɵ̴̪̬̼̹̇͛ͩͦ͟͠͡ 

¢Ƿƿɡĸ̈¿ơ̅̀˔�˲ͭ�ɵf˲˺ù̅<2 mm ̅ȆˤT˭˲˺ˡ¢Ƿƿɡ
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ĸ̇Ȋȉ̄ȉ´̇®;̝ɏ˥̖˥̅�ǡ˲̀ˤ̙þȉ´̝Tĳ˴̙˺̢̧̓ͭͦ�ĩ

ƀ̝ʙʤc˦ɹˋƌTĳ̝Ɂˤͭ�Ư̑ƩƘ̝ 0.2 μm ̇ PTFE ̡͎̼̝ͩ͢Ǎˤ̀

�ïƳʔ˲̡͎̼̝ͭͩ͢PȖ�ƾ˲˺ùͭ�)̝�w˲˺ˡ�w˲˺þȉ´̇óč

ɕÆ˧̖̊f¸ȔĐTř̈ˆɗıS�ɷŝ�ˆ´˒þʰ̂ɸˆb̝ 15kV ̇ɝ¼

̥͇̫̅̀ͩ͢Tĳ�XȞTř͚ͩ̈́ (FE-SEM-EDS; JSM-6500F, JEOL) ̝Ǎˤ̀

Ɂ̄˽˺ˡďƱƿɵ̈PȖ�ƾ˲˺ùͭTamm’s acid oxalate (TAO) ĘSƋ̝Ǎˤ̀

'ȖŊĆ Fe ʪƿǟ̇Ʃɗ̝Ɂ̄˽˺ (Dold, 2003)ˡĘSƩƘ̈˴ˬ̅ 0.2 μm ̇

PTFE̡͎̼̝ͩ͢Ǎˤ̀Ƴʔ˲ͭ10 mL̝Tx˲ 0.5 mL̇ HNO3 (Ultrapure-100; ʵ

ŗf¸şî"ǯ) ̝ƛc˲��˲˺ˡ��ù̇ɡĸ̴̣̈̅͝ʠ¦˩Ÿ̙˺̓ͭ 

0.02 Ṁ HNO3̂ 30%̇ H2O2 (super special grade; �Eɋȼ) ̝˸̚˹̚ 3 mL˵

˾ƛc˲ͭ85℃́ 5Ňʴcƽ˲˺ˡ��˲˺ùͭŸƠ̝ 1%̇HNO3ƩƘ̅MƩɗ˲ͭ

�ʈ̇ƀɡĸ̂�Ŭ̅ ICP-AES, ICP-MSTř̅/˲˺ˡ 

 

3.3.2.3 Fe�&) 

ƀɡĸ̇ʧ�&)Ž̝ƃ̙̓˺̓ͭMC-ICP-MS (NEPTUNE Plus, Thermo 

Scientific) ̝Ǎˤ̀GƩɗɡĸ̇ʧ�&)Tř̝Ɂ˽˺ˡ]Rǉ˧̖̊TřĻƋ̅

˾ˤ̀̈Ǿ 2Ǽ̅ú˽˺ˡ 

 

3.3.2.4 Pb�&) 

Pb �&)Tř̈ƀɡĸͭ¢ǷƿɡĸͭÖǤɡĸ̅˾ˤ̀Ɂ˽˺ˡƀɡĸ̈ 500 

ng ̇ Pb ˩�ẃ˪̙̖˥ͭāɎʤ̝Tx˲ͭ~140℃́��˲˺ˡ¢Ƿƿɡĸ̈ 1 M 

HCl ̂�ƘŽ˩ 3 g/100 mĹƚ~˲ͭ¿ơ̅̀ 2ŇʴĞǜ˲˺ˡƩƘ̈ 0.45 μṁ

PTFE ̡͎̼̝ͩ͢Ǎˤ̀Ƴʔ˲ͭ~140℃́��˲˺ˡȱØÖɡĸ͔̈ͩ͗͢͢ 

(Pulverisette 6, Fritsch) ̝Ǎˤ̀ȈǨ˲ͭ0.1 g̅ HNO3 (Ultrapure-100; ʵŗf¸ş

î"ǯ), HF (TAMAPURE AA-100, ¯ĭf¸), HClO4 (TAMAPURE AA-100, ¯ĭ

f¸) ̝} 1 mL ˵˾ƛc˲̢͖̬̣̤ͭͤͩ͏TɗɈȢ (ETHOS One, Milestone 

General) ̝Ǎˤ̀ō˙ơì 220℃̅˧ˤ̀cƽTɗ̝Ɂ˽˺ˡ 

Pb �&)TřǍ̇ɡĸ̈ Sr-Spec ůȩ (100-150 μm; Eichrom) ̝�Ò̅ͭ

MClGEL CHP20Půȩ (75–150 μm; Sigma-Aldrich) ̝�Ò̅C§˲˺ 2Ò̢̧̇ͦ

�ĩůȩ̨̖̘̅͘͠ȋɋ̝Ɂ˽˺ˡɡĸ̝ 3.5 M HNO3̴̡̖̘̰̭̅ͦ͂͆ͦ͟˲˺
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̨̅͘͠Ɠ˲˺ùͭ3.5 M, 7M, 0.05 Ṁ HNO3̝Ɠ˲̶͖̬̝̓̿͡ʺs˲˺ˡōù̅ 6 

Ṁ HCl̖̘̅ PḃȋɋƘ̝�w˲˺ˡǾ�̇ȋɋ́̈ͭʻ̢̧ͦ�ĩůȩ (AG1-

X8 200–400 mesh, Bio-Rad) ̂ HBrƩƘ̝ǍˤͭKuritani and Nakamura (2002) ̂�

Ŭ̄ĔƋ̅̀Ɂ˽˺ˡ 

Pb �&)ȔĐ (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb) ̈ Fe �&)̂�Ŭ̅ MC-

ICP-MS̖̘̅ͭSRM-981 (National Institute of Standards and Technology) ̝ŭƦɡĸ

̂˲̀ͭ͏̡̮̭̿́ͦ͠Ƌ̝Ǎˤ̀Ƣ¼˲˺ˡ̐˺ͭ Tl�&)̝Ǎˤ˺ɵʤÝdṥ

Ɋų̇˺̓ͭŽʁŭƦƿɵ̂˲̀ SRM-997 ̝ Pb/TlŽ˩ 4 ̙̖̅̄˥̅ƛc˲˺ˡœ

Ǽ̅˧ˤ̀ɭɫ̅Ǎˤ˺ 206Pb/207Pb ̂ 208Pb/207Pb Ž̈ 206Pb/204Pb, 207Pb/204Pb, 
208Pb/204PbŽ̇Ƣ¼9̖̘ɚȁ˲˺ˡ 

 

3.3.3 ƽb¸ɚȁ 

�ǈf¸̰ͩ̈́̇�˾́ˣ̙ Geochemist’s Workbench (GWB ver. 10.0) ̝Ǎˤ̀

ǔ̙̄ pH ː ̅˧˭̙ Th, U �ŏʪƿ̇Ʃɗì̝ɚȁ˲˺ˡƩɗì̕f¸ǵ̌̇

I¶Bȑ̇ôˌ̝ȤĎ˴̙˺̓ͭƢ¼˲˺ƀɡĸ�̇G̀̇BȑƲì̝Ĵ̂˲̀

Fb˲˺ˡƩɗì̇�̈ GWB ̇ɚȁ̵͚ͩ̇͢͝�˾́ˣ̙ Act2 ̝Ǎˤ̀,ɋ˲

˺ˡGWB ͎̦̇͂̓͢ƽb¸̶̼͂ͩ͑ͩ (thermo.tdat) ̈ Supplementary TableS 

3.1 ̅Ǯ˴̖˥̅ͭʆç̇ķǃ9̝tȤ̅Ō̝c˦˺ (Grenthe et al., 1992; Dong 

and Brooks, 2006)˛ ˡ 

U (VI) ̇f¸ǵ̇ Fe ƀʠfƿ̌̇Ɇˊʯ)͚͂̇͢ūȅ̅̈ͭvĂʂʉ͚͂

͢Ǎ̵͚̇ͩ͢͝ React ̝Ǎˤ˺ˡɆˊʯ)͚͂̅͢˧˭̙Ʃ¶f¸ǵ̇ƽb¸͂

̶̼ͩ͑ͩ̅̈�ʈ̖̇˥̅Ō̝c˦˺ thermo.tdat ̝ͭɆˊʯ)ǵ̇ƽb¸͂ͩ

̶̼͑ͩ̈��̖̇˥̅Ō̝c˦˺ FeOH+.sdat ̝Ǎˤ˺ˡFeOH+.sdat ̼͂ͩ͑ͩ

̶̈ Dzombak and Morel (1990)̝B̅˲̀ˤ̙ˡɆˊʯ)͚̝͂͢į�˴̙˺̓ͭ

Dzombak and Morel (1990)˛ ̇ƽb¸̼͂ͩ́̈ȋì̖˫MǇ́˪̄ˤ (e.g., His, 

1989; Payne, 1999) U (VI) ̂Ʒʠ̢̧ͦͭͦ͡ʠ̢̧ͦ̇Ɍ~Ɇˊʯ)ǵ̝ȤĎ˲˺ͭ

̖̘ōʆ̇HɆ˰̀̚ˤ̙ƽb¸̼̝͂ͩ FeOH+.sdat̅c˦˺˛ (Appelo et al., 2002; 

Romero-Gonzalez et al., 2007; Mahoney et al., 2009)ˡ 
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3.4 Ȗś 

3.4.1 ƀɡĸ̴̪̬̼̹̇͛ͩͦ͟͠͡ 

Ǉ�̅˧˭̙ƀɵƢ¼˧̖̊ƀɡĸ�̇ɎͭþʤBȑƲì̇Ƣ¼Ȗś̝

Supplementary TableS 3.2̅Ǯ˴ˡKintaÙͭTributary J, ƣ̇ƀɡĸ̇ pḦ˧˧̖

˸�Ć̔˲˫̈ð̨̠͢͡Ć (6.91–8.65) ̝Ǯ˲˺�Ļ́ͭÛ¤̇ɡĸ̈ñˤʠĆ̝

Ǯ˲˺ (2.35–2.63)ˡ̐˺ͭ Tributary S ̇ƀɡĸ̇˥˼Û¤̅ō̔ʆˤɡĸ̈̕̕ʠ

Ć̇ pH ̝Ǯ˲˺˩ͭ�Ɠ̅ˤ˫̅úˤ�Ć̅ʆ˿˫>�˩ɐ̗̚˺ (4.98–7.46)ˡÛ

¤˨̗Ɠ̙̚íƀɻ˧̖̊Û¤˨̗̇ƭƑƀͭTributary S̈˙ˤEC̝Ǯ˲˺ (0.45–

25.5 mS/cm)ˡ�Ļ́ͭTributary J̇ɡĸ̈ 0.03 mS/cm ̂'ˤ EC̝Ǯ˲˺ˡTributary 

J̇�Ɠ�ʆ̅˧ˤ̀ɐ̗̚˺~0.50 μSv/h ̂ˤ˥̜˵˨̄�ł̝ʺ˪ͭǿ0Ȟʤ̈	

·ȃ̅˧ˤ̀ 0.18–0.28 μSv/h ̇Ȅ�̅˧˰̐˽˺ (Supplementary TableS 3.2)ˡpH

̈˅Ő̇Ļ˩̕̕˙˫̙̄>�˩ɐ̗̚˺ˡEC ̈íƪ¤˨̗̇ƭƑƀ˩˅Ő (P1: 

11.1 mS/cm)̂Žʁ˲̀ͭ�Ő (p1: 14.8 mS/cm, p2: 20.0 mS/cm) ̅˧ˤ̀ˉã̅˙

ˤ9̝Ǯ˴˯̝̂ʺ˪ͭŪ̆�Ǵì̇9̝Ǯ˲˺ˡ 

ƀɡĸ̈Ɏʽ̢̧ͦ˧̖̊ʻ̢̧ͦƲì̅Ă˳̀T˓˴̙˯̂˩́˪̙ (Fig. 

3.2)ˡKintaÙͭƣͭTributary S ̇�Ɠ (s1), ˧̖̊Û¤�ʄ̇ǋƒġƀ (d2)̈ Ca-

Mg-HCO3̢̼͐ͭTributary J ̈ Ca-Mg-HCO3˨̗ Na-K-HCO3̢̼͐̅T˓˰̙̚ˡ

Tributary S ̞̇̎̂̃̇ɡĸ̕ɋʮÛ¤̇íƀ (d1) ̈ Na-K-Cl ̢̼̝͐Ǯ˲˺ˡ˰

̗̅ͭíƪ¤̇ƭƑƀ̕ġƀɻ (d3) ̈ Ca-Mg-Cl ̢̼̝͐Ǯ˲˺ˡCa-Mg-Cl ̢̼͐

̇ɡĸ̈˙ˤ Cl-Ʋì (<7970 mg/L)̝Ǯ˲˺ˡTributary Ś̈ͭ Cl-Ʋì̈íƪ¤˨

̗̇ƭƑƀ˩ƚF˲˺Ǟù̇ s4́ō̔˙ˤ (1540 mg/L)ˡ˸̇ùͭ�Ɠ̅ˤ˫̅úˤ

ƞÍ˲̀ˤ˫ (s5: 1180 mg/L, s6: 908 mg/L)ˡ̵̶̾͛ͩ͊ͦ͠ɚȁ̇ȖśͭG̀̇ƀ

ɡĸ̈±13%�Ḱˣ˽˺ˡ 

 

3.4.2 ƉÙ�̇þʤBȑ 

íƪ¤̇ƭƑƀ (p1, p2), ġƀɻ (d3), ˸˲̀ Tributary Ṡ�Ɠ (s4-s6) ̇ƀɡ

ĸ̈Í̄˫̂̔ 5 mg/L��̇˙Ʋì̇ Fe ̝�̑ͭíƪ¤˨̗̇ƭƑƀ́ō° 2020 

mg/L̝Ǯ˲˺ (Supplementary Fig.S 3.1)ˡ̵͎̤ͤͦƋ́̈ͭíƪ¤̇ƭƑƀ�̇Ʃ

¶ Fė¯˫̈ (79–92%) 20́ˣ̙˯̝̂Ǯ˲˺ (Supplementary TableS 3.3)ˡ ˙ˤ

FeƲì̝Ǯ˲˺ɡĸ̈ͭ˸̇�̇þʤBȑ (Al, Mn, Zn, Pb, REEs, U, Th) ̅˾ˤ̀
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̔�̇ƀɡĸ�̂Žʁ˲̀ 2–4 Ţ˙ˤ9̝Ǯ˲˺ (Supplementary Fig.S 3.1)ˡ¯˫̇

þʤBȑ̇Ʋˁì~ˤ̈ 102˨̗ 103̇Ȅ�̅˧˰̙̐̇̅Ç˲ͭREEs, Pb̈~104̂

ō̔˙ˤƲˁì̝Ǯ˲˺ˡGþʤBȑ˩ō̔˙ˤƲì̝Ǯ˲˺̇̈íƪ¤̇ƭƑƀ

̇ɡĸ́ˣ˽˺ˡ 

Tributary S ́̈ͭþʤBȑƲì̈�Ɠ̅ˤ˫̅úˤƞÍ˴̙>�˩ɐ̗̚˺ˡ

Tributary Ṡō̔�Ɠ̇�Ƹ́̈ͭU ̂ TḣƲì (s6; 0.23 ppb, 0.02 ppb) ̈�Ɠ

̇�Ƹ́̇Ʋì̂�Ǵì̇'ˤ9̝Ǯ˲˺ ˛ (e.g., s3; 184 ppb, 0.01 ppb; 

Supplementary TableS 3.2)ˡG Fe̅Ç˴̙ 20 Fėa~̔�Ɠ̅ˤ˫̅úˤ'˫̄

̙˛ (e.g., s4, s5; 25%–31%)ˡTributary S ̅˧˭̙þʤBȑƲì̈ͭíƪ¤̅ʆˤɡ

ĸ (S1, s3) ̇ Fe Ʋì˩˅Ő̅Ĥx˲˺ɡĸ̇Ļ˩�Ő̅Ĥx˲˺ɡĸ̇Ʋì 

(0.09 mg/L) ̖̘̔ 2Ţ˙ˤ9 (4.45 mg/L) ̝Ǯ˲˺˯̝̂ʺ˪ͭŪ̆�Ő̅Ĥx˲˺

ɡĸ̇Ļ˩˙ˤ9̝Ǯ˲˺ˡ 

 

3.4.3 Fe, Pb�&) 

Fig. 3.3̅Ǯ˲˺̖˥̅ͭƀɡĸ̇˥˼ͭíƪ¤̇ƭƑƀ̂˸̇�ʄ̇ġƀɻɡĸ̈

ʢˤ δ56Fe9̂ũ̓̀˙ˤ FeƲì (~103 ppm) ̝Ǯ˲˺ˡTributary Ṡ˥˼íƪ¤̖

̘̔�Ɠ̇ƀɡĸ (S1, s3) ̈ δ56Fe-log [Fe]��́ͭíƪ¤ɡĸ̂ǔ̙̝̄̓ͣͦ̈́Ǯ

˲˺ˡ�Ɠ̇ɡĸ̈ˤ˵̔̚ŽʁǙ'ˤ FeƲì (0.07–4.45 ppm) ̝Ǯ˲˺˩ͭFe�

&)ȔĐ̴̥̅̈͊ͩͦ͟͡˩ɐ̗̚˺ (-1.14‰–0.48‰)ˡTributary S ̇�Ɠ́ͭí

ƪ¤˨̗ʆˤɡĸ̈˙ˤ FeƲì (56.8–129 ppm) ̂íƪ¤̇ɡĸ̅˓%˲˺ δ56Fe

9̝Ǯ˲ (-0.60–0.23)ͭδ56Fe 9̈íƪ¤˨̗ʘ˱˨̙̎̃ʀ˫ͭFe Ʋì̔ƞÍ˲̀ˤ

˫>�̝Ǯ˲˺ˡƢ¼˲˺G̀̇ɡĸ̇ δ56Fe9̝ Supplementary TableS 3.4̅Ǯ˴ˡ 

ƀͭ¢ǷƿͭÖǤɡĸ̇ Pb �&)Ž̝ Fig. 3.4 ̅Ǯ˴ (˸̚˹̇̚ɡĸ̇Ƣ¼

Ȗś̝ Suppelentary Table S3.5̅Ǯ˴)ˡTributary J̇¡ǛÖ́ˣ̙ȱØÖɡĸ̈˙

ˤ 206Pb/207PbŽ (1.237–1.250) ̂ 208Pb/207PbŽ (2.505–2.518) ̝Ǯ˲˺ˡTributary J

̇�Ɠ (J2) ̂ Tributary S ̇�Ɠ (s1) ̇¢Ƿƿɡĸ̈˯̗̚ȱØÖɡĸ̂�Ŭ̄

Pb�&)Ž̝Ǯ˲˺ (206Pb/207Pb = 1.245–1.264, 208Pb/207Pb = 2.488–2.498)ˡ˯̅̚

Ç˲Ôʴʝ̅ʆˤƣ (L2), KintaÙ (K1) ̇¢Ƿƿɡĸ̇Pb�&)Ž̈ 206Pb/207Pb 

= 1.181–1.214 ̂ 208Pb/207Pb = 2.445–2.478 ̂̕̕'ˤ9̝Ǯ˲˺ˡ˯̗̇̚ Pb�&)

Ž̈ȱØÖɡĸ̂ŗĺ̵̠̠Ĥx˰̚˺'ˤ Pb �&)Ž (206Pb/207Pb = 1.127–
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1.148, 208Pb/207Pb = 2.395–2.424) ̝ě˾̥̠̻ͤ̂̇͢ƚ~ǞȞ�̅͐ͤ̿̓˰̚˺

(Mukai et al., 1993; Bollhofer and Rosman, 2000; Bollhofer and Rosman, 2001)ˡ�Ļ

́ͭíƪ¤̇ƭƑƀ (p1)ͭƭƑƀ̂ǋƒġƀ̇ƚ~ƀ (d3), ˸˲̀ Tributary Ṡ�

Ɠ̇ƀ (s4, s6) ˧̖̊¢Ƿƿɡĸ (S2, s5) ̈ŽʁǙ˓%˲˺ Pb�&)Ž̝Ǯ˲˺ 

(206Pb/207Pb = 1.194–1.213, 208Pb/207Pb = 2.497–2.507)ˡ˲˨˲̄˩̗ͭ˯̗̇̚9̈ȱ

ØÖ̂ŗl̵̠̠̥̠̻̇ͤ̇͢ƚ~ǞȞ�̅͐ͤ̿̓˰̄̚˨˽˺ˡ 

 

3.4.4 ¢Ƿƿ˧̖̊ďƱƿɵ 

SEMɕÆ̇Ȗś̖̘ͭTributary Ṡ�Ɠ̇¢Ƿƿɡĸ˨̗T˃˲˺þȉ´̈ȉ÷

˩~10–20 μm ́ɖ˩ʬ˫ȉ´̇ó˩ŃǢ́ˣ˽˺ (Supplementary Fig.S 3.2a)ˡEDS

Tř̇Ȗś˨̗ͭ˯̗̇̚þȉ´̈ Si, Al, Fe ̝ɎĐT̂˴̙˯̂˩Ǯ�˰̚˺ 

(Supplementary Fig.S 3.2b)ˡ�Ļͭ�Ɠ̇¢Ƿƿɡĸ˨̗T˃˲˺þȉ´̈�Ɠ́

ɐ̗̚˺̔̇̂ȉ÷̅°˪̄ʗˤ̈ɐ̗̄̚˨˽˺˩ͭ®ó̈̕̕ǈǁ́ɖ̈ɐ̗̚

̄ˤ̂ˤ˥ʗˤ˩ɐ̗̚˺ (Supplementary Fig.S 3.2c)ˡ˯̗̇̚þȉ´̈ Fe ̜̂˵˨

̄ S ̝�̲̒͏̷̢̬̲͗ͤͦ̇ȉ´̇ˁ~)́ˣ̘ͭ�Ɠ̇¢Ƿƿ̇Ɇˊ̝ɏ˽̀

ˤ˺ (Supplementary Fig.S 3.2d)ˡ 

s4, s6́Ĥx˲˺ďƱƿɵɡĸ̇ TAOĘSƘ̇Ɏ˧̖̊þʤBȑƲìTř̇

Ȗś̝ Supplementary TableS 3.6̅Ǯ˴ˡFeƲì̈�Ɠ̅ˤ˫̅úˤ s4́̈ 12.9%

˨̗ s6 ́̈ 14.5%̂˙˫̙̄�Ļ́ͭAlƲì̈ s4 ˨̗ s6 ́'˫̙̄>�˩ɐ̗̚˺ 

(13.4%–7.93%)ˡNa, K̕ Ca ̄̃̇˸̇�̇ɎBȑ̈ s4˨̗ s6́ŽʁǙ�¼̇

Ʋì̝Ǯ˲˺ˡþʤBȑ̅˾ˤ̀̈ͭZn, Mn, Pb, REEs, Th, U˩Ĵǘ˨̗Ĵj ppm ̂

ˤ˥ˉã̅˙ˤƲì̝Ǯ˲˺ˡG̀̇ƀɡĸ́ U Ʋì̈ Th Ʋì̖̘̔˙ˤ9̝Ǯ˲

˺˩ͭTAO ĘSƘ�̇Ʋì̈ s4, s6 ̃˼̗̇ɡĸ̅˧ˤ̀̔ Th ̇Ļ˩˙ˤƲì̝

Ǯ˲˺ˡ�Ɠ̅˧ˤ̀ͭ¯˫̇þʤBȑƲì̈ Fe Ʋì̂�Ŭ̄>�̝Ǯ˲˺˩ͭTh

Ʋì̈ s4˨̗ s6̅˨˭̀ƞÍ˴̙ AlƲì̂�Ŭ̄>�̝Ǯ˲˺ (Fig. 3.5)ˡ 

 

3.5 ȤÆ 

3.5.1 ƉÙ̇ƀɵ̝Įʟ˴̙Ɏ� 

Kinta ÙͭƣͭTributary S (s1)ͭǋƒġƀɻ (d2) ̇ƀɵ̈ Ca-Mg-HCO3 ̢̼̝͐

Ǯ˲˺ (Fig. 3.2)ˡ˯̇ƀɵ̢̼͐̈¡Ǜ˩ǤƵÖ̇� ́ɐ̗̙̚J�Ǚ̄ƀɵ̼
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̢͐́ˣ̙ (Appelo and Postma, 2005)ˡ˯̗̇̚�Ƹ̈G̀ Kinta͊ͣͩK̅&Ȣ˲

̀˧̘ͭKinta ǤƵÖÒ̝¡ǛÖ̂˴̙˯̂˨̗ͭƀɵ˩ǤƵÖ̖̅˽̀Įʟ˰̀̚ˤ

̙̂Ȥ˦̗̙̚ˡTributary J ̇ƀɵ̈˯̗̇̚�Ƹ̂Žʁ˲̀ͭCa ̕ Mg ̖̘̔ Na, K

ĐT̅Ä̒ Ca-Mg-HCO3̂ Na-K-HCO3̇�ʴ̇ƀɵ̝Ǯ˲˺ˡ̐˺ͭTributary J̇

ɡĸ̈'ˤ EC ̝Ǯ˲˺  (Supplementary TableS 3.2)ˡ˯̗̇̚ƀɵ̇ʗˤ̈ͭ

Triburaty J ̈Ôʴʝ̇¡ǛÖ́ˣ̙ȱØÖ� ̝Ɠ̙̚˯̂̅ǎŖ˴̙̂Ȥ˦̗̙̚ 

(Fig. 3.1)ˡ˲˺˩˽̀ͭ˯̗̚ 2˾̇ɡĸ̭ͩ͐̇͢ƀɵ̈}ˢ̇�ɵ¸Ǚ̄ŕ�̅

̖˽̀Įʟ˰̀̚ˤ̙ˡ 

íƪ¤̇ƭƑƀͭTributary S ̇�Ɠ˧̖̊ ilmenite ɋʮÛ¤˨̗Ɠ̙̚íƀɻ̂

íƪ¤�ʄ̇íġƀɻ˨̗Ĥx˲˺ƀɡĸ̇ƀɵ̈ǤƵÖ� ́ˣ̙̅̔ʵ̜̗˵ͭ

Na-K-Cl ̔˲˫̈ Ca-Mg-Cl ̇ƀɵ̢̼̝͐Ǯ˲˺ˡ˰̗̅ͭ˯̗̇̚ɡĸ̇ EC ̈ Ca-

Mg-HCO3̕Na-K-HCO3̇ƀɵ̝Ǯ˲˺ɡĸ̂Žʁ˲̀ͭ�Ţ��˙ˤ9̝Ǯ˲˺˯

̂˨̗ͭƩ¶̢̧ͦƲì˩˙ˤ˯̂˩˥˨˩˦̙ˡ˯̇� ́ͭCl ˩˙Ʋì̝Ǯ˴ȫƻ

ǎŖ̶̺̇ͩ̈¶�˲̄ˤ˺̓ͭ˯̗̇̚�Ƹ̇ƀɵ̈*̗˨̇�ƹǙ̄ôˌ̝y˭

̀ˤ̙˯̂˩Ǯ�˰̙̚ˡ̐˺ͭ˯̗̇̚ɡĸ̇˥˼ͭǀ̅Û¤�ʄ̇ɡĸ̈'ˤ pH ̂

̨̠͢͡ì̝Ǯ˲˺ˡ̔˥�˾̇˒ȷ̄ǀÿ̂˲̀ͭ˯̗̇̚ɡĸ̈˙ˤ Fe Ʋì (>5 

ppm) ̂ Al, Mn, Zn, Pb, REEs, U, ThƲì̝Ǯ˲˺ (Supplementary Fig.S 3.1)ˡƀɵ̅

�ƹǙ̄ôˌ˩ɐ̗̚˺ɡĸʴ̅˧ˤ̀ͭ˯̗̇̚Ʋì̈ų̇ǟʵ̝Ǯ˲˺˯̂˨̗ͭ

̶̺ͩ˩��́ˣ̙zȨĆ˩˙ˤˡ�Ļ́ͭōȓRT¤˨̗ʆˤ Tributary J ̇ƀɵ

̅̈�ƹǙ̄ôˌ̈ɐ̗̄̚˨˽˺ˡ 

ɋʮÛ¤�ʄ̇ƀɡĸ˧̖̊ Tributary Ṡ�Ɠ̇ɡĸ̅ɐ̗̙̚˙ˤ Fe, ClƲ

ì̂'ˤ pH ̈ ilmenite ɋʮÛ¤̇ƒe̖̙̅ôˌ́ˣ̙̂Ȥ˦̗̙̚ˡSO42-Ʋì̅

Ç˲̀ Cl-Ʋì˩˙ˤ˯̂˨̗ͭ˯̇ ilmenite ɋʮÛ¤́̈ǪʠƋ́̈̄˫ͭ¦ȑƋ̝

Ǎˤ̀ˤ̙˯̂˩Ǯ�˰̙̚ˡ¦ȑƋ́̈ͭŸƠ�̅̈˄ƩɗĆ˧̖̊ƩɗĆʥÑ

�Ȑƿ̇̃˼̗̔¶�˴̙̂Ȥ˦̗̙̚˩ͭíƪ¤̇ƭƑƀ�̅ REEs, U ˧̖̊ Th

̝�̒þʤBȑ˩˙Ʋì́�̐̀̚ˤ̙˯̂˨̗ͭ˄ƩɗĆƿɵ̖̇˥̅Ʃɗì̇'

ˤ�ǟ́̈̄˫ͭƀʠfƿ̖̇˥̄ŽʁǙƩɗì̇˙ˤ�ǟ̔˲˫̈˄ƩɗĆƿɵ̅

�ǡ˲˺ǁč́¶�˲̀ˤ̙zȨĆ˩˙ˤˡ̐˺ͭ¦ȑƋ́̈ͭʠĆíƘ�̇Ɏ

̄ʢʥÑ́ˣ̙ Fe̝ 30̇ƀʠfƿ̔˲˫̈ʠfƿ̂˲̀Ƈźʺs˴̙˺̓ͭʠf˧

̖̊��Rǉ̇	Ļ̝Ɂ˥ˡIlmeniteɋʮÛ¤̅ō̔ʆˤíƀɻ (d1) ̈˙ˤ EC ̝
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Ǯ˲˺˩ͭpH ̈�Ć (6.05) ́ˣ̘ͭ˯̇˯̂̈ɋʮÛ¤˨̗ġS˰̙̚íƀ̈��

Rǉ˰̀̚ˤ̙̂ħÆ˰̙̚ˡ˲˨˲̄˩̗ͭíƪ¤̇ƭƑƀ (P1, p1, p2) ̇ƀɡĸ

̈'ˤ pH ̂˙ˤ Fe, ClƲì̝Ǯ˲˺ˡƭƑƀ�̇ Fė°ʝT̈ 20́ˣ˽˺̂ˤ

˥˯̂̈ͭÛ¤́̇íƀ̇ʠfͭ��Rǉ˩iT́̄ˤ˯̝̂Ǯ˲ͭ�iT̄Rǉ̖̅

˽̀ FeCl2̖̇˥̄Áń̅Ʃɗ˴̙ǟ˩ǋĐ˲̀˲̐˽˺̂Ȥ˦̗̙̚ˡ˯̖̇˥̄Ʃɗ

˲̕˴ˤƿɵ˩íƪ¤́˅ƀ̂vĂ˴̙˯̖̘̂̅ͭ˙Ʋì̇ʥÑ̢̧̝ͦ�̒ʠĆ

̇ƭƑƀ̝ǋĐ˴̙̂Ȥ˦̗̙̚ˡ˲˺˩˽̀ͭíƪ¤́ǋĐ˲˺ʠĆíƀ˩

Tributary S ́ɐ̗̚˺�ƹǙ̄ôˌ̇̄Ɏ�́ˣ̙ˡǧǸ� ̅˧ˤ̀ͭǿ0Ȟ

ʤ̌̇�ƹǙ̄ôˌ̈̎̏ɐ̗̚˵ͭ̎̏G̀̇�Ƹ́�Ǒæ�9̝��̙9́ˣ

˽˺ (0.27 μSv/h, UNSCEAR, 2008)ˡTributary J̇�Ɠ̜́̈ͭ˵˨̅˙ˤǿ0Ȟʤ

̝Ǯ˲˺˩ͭ˯̇� ̈ȱØÖTß ́ˣ̘ͭ¡ǛÖǎŖ̇ıÉĆŠǵ (e.g., 40K) 

̇¶�ì˩˙ˤ˯̂̅ʵ2˲̀ˤ̙̂Ȥ˦̗̙̚ˡ 

íƪ¤̇ƭƑƀͭÛ¤�ʄ̇ġƀɻͭ˧̖̊ Tributary Ṡ�Ɠ̇ƀɵ̝Žʁ˲˺

̂˯̛̞ͭ̎̂̃̇BȑƲì̈ƭƑƀ (p1, p2), ġƀɻ (d3), Tributary S (s4–s6) ̇ˏ

̅ƞÍ˴̙˯̂˩T˨˽˺ (Supplementary TableS 3.2)ˡ˰̗̅ͭTributary Ś̈ͭ˯̚

̗̇BȑƲì̈ s4˨̗ s6̅˨˭̀ƞÍ˲˺ˡ�̇íƀ̕ƉÙƀ̖̅˽̀àʡ̇Ĝŭ

̙̂̄ͭvĂĆ̇'ˤBȑ́ˣ̙ Cl ̇Ʋì̇ƞÍ̈ƀɵ̇f̝̄̃ǉɗ˴̙�́

ȤĎ˲̄˭̗̉̄̄̚ˤˡd3̈íƀɻ̇�Ɠ d2̇ƀ̂íƪ¤̇ƭƑƀ (p2) ̇~Ɠ

�Ƹ̖̘̔�Ɠ̅&Ȣ˴̙ˡCl̝�̒�ǟ̈Ƈź˲̄ˤ̂�¼˲˺¤~ͭCl̇Ʋì

f̝B̅ɚȁ˲˺ p2 ̇ƭƑƀ̂ d2 ̇ǋƒġƀ̇ƚ~a~̈ d2 ˩ 83%, p2 ̇˩

17%́ˣ̙ˡ�Ŭ̅ͭTributary Ś̈ͭs4˨̗ s5, s5˨̗ s6̇ʴ́̈ 23%̇àʡ̇ô

ˌ˩ˣ̙̂Ȥ˦̗̙̚ˡ˲˨˲̄˩̗ͭs4̈ d3 ([Cl] = 1160 ppm) ̂ s3 ([Cl] = 1160 ppm) 

̇mȐ̄ƚ~˨̗�ĉ˰̙̚9̖̘̜̔˵˨̅˙ˤ ClƲì ([Cl] = 1540 ppm) ̝Ǯ˲

˺ˡ˯̇ s4 ̇˙ˤ ClƲì̈ͭíƪ¤̇ƭƑƀ˩ p2̕ d3 ̝�˰˵̅ǞĦ Tributary 

S̅ƓF˲̀ˤ̙zȨĆ̝Ǯ�˲̀ˤ̙ˡ 

Tributary S ̞̇̎̂̃̇þʤBȑƲì̈�Ő̖̘́˙ˤ9̝Ǯ˴>�˩ɐ̗̚˺ 

(Suplementary Table S3.2)ˡ˯̇>�̈˅Ő̅̈˅ʤ˩©˲ͭȫƻǎŖ̶͎̬̇̿͠˩

©c˴̙˯̝̂ȤĎ˴̙̂ͭ~ǉǙ́ˣ̙ˡ˲˨˲̄˩̗ͭɋʮÛ¤̅ʆˤ�Ƹ̅˧˭

̙ FeƲì̈�Ő (s3: 0.09 mg/L) ̖̘̔˅Ő (S1: 4.45 mg/L) ̅˧ˤ̙̀̈˨̅˙ˤ

9̝Ǯ˲˺ˡ˯̇˅Ő˧ˤ̀ Fe Ʋì˩˙˫̙̄Ǉɰ̈ͭíƪ¤˨̗̇�ƹǙ̄ôˌ
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̖̙̅̔̇́ˣ̙ˡ˅Ő̇ɱ˅̖̅˽̀ƨ̚˺̘�«̅Ɨʋ˲˺íƪ¤̇ʠĆíƀ˩

S1̇ƀɡĸ̇f¸ȔĐ̅ôˌ̝�˦˺zȨĆ˩ˣ̙ˡ 

 

3.5.2 REE̼͋ͩͦ˧̖̊�&)˨̗Ǯ�˰̙̚ƄŜƥ 

δ56Fe-log[Fe]��́ͭTributary S ̇�Ɠ̂íƪ¤̇ƭƑƀ̇ƀɡĸ̈ǔ̙̄Ȅ�

̅͐ͤ̿̓˰̚˺ (Fig. 3.3)ˡ˯̇�&)ȔĐ̇ǀÿ̈�Ɠ̅˧˭̙ Fe ̇ƄŜƥ̇ǀ

¼̅ŏǍ́ˣ̙ˡíƪ¤̖̘̔�Ɠ̇�Ƹ (s4) ́̈ͭFeƲì̂ δ56Fe9 (0.23‰) ̈

íƪ¤̇ƭƑƀ̂�Ŭ̄9̝Ǯ˲ (0.31–0.42‰)ͭ˯̗̈̚íƪ¤̅ʆˤ�Ɠ (s3, 

S1) ́ɐ̗̚˺'ˤ FeƲì˧̖̊ʀˤ δ56Fe9 (-1.14‰) ̂̈Ń̗˨̅ǔ̙̄ˡ˯̇

Ȗś̈ͭTributary Ṡ�Ɠ̅˧˭̙ FėƄŜƥ̈íƪ¤̇ƭƑƀ́ˣ̙˯̝̂Ǯ˴ˡ

�Ɠ̅ɐ̗̚˺ʀˤ δ56Fe 9̇r�̈ŋņ́ˣ̙˩ͭƉÙ¢Ƿƿ�́̇þǋƿƒe

̅ɸ�˲̀ˤ̙̂Ȥ˦̗̙̚ (e.g., ǔf� Fe ʜB; Crosby et al., 2007)ˡTributary S

̇�Ɠ́̈ͭδ56Fe9˩°˪˫ɲ̇Ļ�̴͎̅̓˴̙>�˩ɐ̗̚˛ (Fig. 3.3�̇¾Ȟ

́�̐̚˺Ȅ�, s4: +0.23‰˨̗ S3: -0.6‰)ͭf¸vĂ̅̂̔̄˥�&)TX˩ǋ˳̀

ˤ̙˯̂˩Ǯ�˰̚˺ˡ˯̇KÁ̅˾ˤ̀̈ 3.5.3́ɭɫ˴̙ˡ 

Tributary S ̇�Ɠ˨̗Ĥx˲˺ɡĸ�̇ La ˨̗ Lu ̐́̇G REE (ΣREE) Ʋì

̈ͭ�Ɠ̇ɡĸ̂Žʁ˲̀ 3–5Ţ˙ˤ9̝Ǯ˲˺ (Supplementary TableS 3.2)ˡC1 ̰

̢ͦ̈́̓͠ (Boynton, 1985) ́ɑšf˲˺�Ɠɡĸ (s4–s6) ̇ REE ̼͋ͩͦ̔̐˺ͭ

�Ɠ̇ɡĸ̂̈°˪˫ǔ̙̄ (s1, s3; Fig. 3.6; Supplementary TableS 8)ˡ�Ɠ̇ƀ̈ͭ

ɲ̇ Euǔã̂˙ˤ ΣREEƲì˧̖̊ LREEs ̅Ä̒ǀÿ̝Ǯ˲˺̇̅Ç˲ͭ�Ɠ̇

ƀ̈ų̇ Euǔã̂ 3Ţ��'ˤ ΣREEƲì̝Ǯ˲˺ˡTributary Ṡ�Ɠ˨̗Ĥx˲

˺ɡĸ̇ REE ̼͋ͩͦ̈íƪ¤̇ƭƑƀɡĸ̂˓%˲̀˧̘ͭ˙ˤ REEs Ʋì̈ƭ

ƑƀǎŖ́ˣ̙˯̂˩Ǯ�˰̙̚ˡ̐˺ͭɲ̇ Eu ǔã̝̔˾ REE ̼͋ͩͦ̈ȱØÖ

�̇monazitė̼͋ͩͦ̂̔˓%˲̀ˤ̙˛ (Lee and Bastron, 1967)ˡ˲˺˩˽̀ͭ�Ɠ

̇ɡĸ̇ REEs̈̅ amang�̇monaziteǎŖ́ˣ̙˩ͭREE̼͋ͩͦ̈monazite

̼̖̘̇͋ͩͦ̔̕̕ȟ̕˨̄>˪́ˣ̙˯̂˨̗ͭamang ̅�̙̐̚�̇ʪƿ (e.g., 

xenotime) ˨̗̔�ʝ̔˺̗˰̀̚ˤ̙̂Ȥ˦̗̙̚ˡ�Ɠ̇ɡĸ̅ɐ̗̚˺ų̇ Eu

ǔã̇ɸƥ̅˾ˤ̀̈Ń̗˨́̈̄ˤˡÔʴʝ̇ȱØÖ̇f¸˔f̈˯̗̇̚ɡĸ

̅ Eu̇ɲ̇ǔã̝̔˺̗˴̂Ȥ˦̗̙̚ (Dang et al., 2016)ˡ˲˺˩˽̀ͭų̇ǔã̈

Tributary S ̇�Ɠ̇ REEs ̇ɸƥ˩�Ɠ̂̈ǔ̙̄˯̝̂Ǯ�˲̀˧̘ͭ˧˸̗˫ͭȱ
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ØÖ̇ɳF̖̅˽̀Đ̝y˭˺ǤƵÖǎŖ́ˣ̙̂Ȥ˦̗̙̚˛ (e.g., Jarvis et al., 

1975)ˡ 

Pb ̇Ʋì̔̐˺ͭíƪ¤̇ƭƑƀ˧̖̊ Tributary S �Ɠ̇ɡĸ�́˙Ʋì̝Ǯ

˲˺ (17.6–20.5 ppm, 0.015–0.855 ppm)ˡPb�&)ȔĐ̈ Tributary Ṡō�Ɠ�Ƹ 

(s1) ́Ĥx˲˺ɡĸ̝ʺ˫G̀̇ɡĸ̅˧ˤ̀ͭȱØÖ̂ǔ̙̄9̝Ǯ˲˺ (Fig. 

3.4)ˡ�ȮǙ̅ͭǤƵÖ�̇ PbƲì̈'ˤ˯̂˨̗ (<10 ppm; Lovering, 1976; Faure, 

1991)ͭƀɡĸ�̇ Pb ̈̅�ƹǎŖ́ˣ̙̂Ȥ˦̗̙̚ˡ208Pb/207Pb-206Pb/207Pb �

̖̘ͭKinta Ù (K1) ˧̖̊ƣ (L2) ̇¢Ƿƿ̇�&)Ž̈ȱØÖǎŖ̇ Pb ̂ŗl

̵̠̠̥̠̻̇ͤ̂̇͢ƚ~̖̅˽̀ɧŃ́˪̙ (Fig. 3.4)ˡ˯̥̠̻̈ͤ̚͢ĐṪ

ƛc̖̅˽̀Áń̅ôˌ̝y˭̙¢Ƿƿ�̇'ˤ Pb Ʋì̝ȤĎ˴̙̂ͭ~ǉǙ́ˣ

̙ˡíƪ¤̇ƭƑƀ̇ 206Pb/207PbŽ̈ȱØÖ̇�&)Ž̖̘̔'˫ͭ̐˺̥̠̻ͭͤ͢

̂̇ƚ~Ȟ̅̈ú̜̄ˤ˺̓ͭíƪ¤̇ƭƑƀ̇ôˌ̈ Pb �&)̝Ǎˤ̀ɠ0˴

̙˯̂˩́˪̙ˡTiributary Ṡ�Ɠɡĸ̇ Pb�&)ȔĐ̈ͭȱØÖ̥̠̻̂ͤ̇͢ƚ

~̖̘̔íƪ¤̇ƭƑƀ̇9̅ʆˤˡ˯̈ͭ̚Tributary S ̇�Ɠ̇Ɏ̄ Pb ƥ˩í

ƪ¤̇ƭƑƀ́ˣ̙˯̝̂Ǯ�˲̀ˤ̙ˡ˲˨˲̄˩̗ͭTributary S ̇�Ɠ̇
208Pb/207Pb Ž˧̖̊ 206Pb/207Pb Ž̈íƪ¤̇ƭƑƀ̇ 208Pb/207Pb Ž̖̘̔'˫ͭ
206Pb/207Pb Ž̖̘̔˙ˤˡ˯̈ͭ̚'ˤ 208Pb/207Pb Ž˧̖̊˙ˤ 206Pb/207Pb Ž̝ŏ˴

̙ͭ˯̇� ̅˧˭̙őǫɤ̇±ƻ̐˺̈�ƹɸƥ̇ Pḃ¶�̝Ǯ�˲̀ˤ̙ˡ 

�ɜ̇�ǈf¸ǙĜŭ̈G̀ͭTributary Ṡ�Ɠ ̅˧˭̙ƄŜ̇̄ǖǋƥ̂

˲̀íƪ¤̇ƭƑƀ̝Ǯ˲̀ˤ̙ˡPb �&)̈¯˫̇DɁǧǸ̅˧ˤ̀ͭƄŜƥ̇

ǀ¼̅-Ǎ˰̀̚ˤ̙˩ (Ayrault et al., 2012; Lee et al., 2014; Gutierrez-Caminero et 

al., 2015)ͭFe�&)̈ʆç�ƹǙ̄ôˌ̇ǀ¼̅YǍ˰̀̚˪̀ˤ̙˛ (Chen et al., 

2014)ˡœǧǸ̈ͭFe º¼�&)̴̶́͘˩ƉÙ̇ƄŜƥ̇ǀ¼̅ŏǍ́ˣ̙˯̝̂

Ǯ˲˺ˡ̐˺ͭREE ̂ Pb ˩íƪ¤̖̘̔˺̗˰̀̚ˤ̙̂ˤ˥Ȗś̈ͭ�̇þʤBȑͭ

ǀ̅ U ̂ Th˩�˳ƄŜƥ̝Iŏ˲̀ˤ̙˯̝̂Ǯ�˲̀ˤ̙ˡ 

 

3.5.3 Tributary Ṡ�Ɠ́ǋ˳̀ˤ̙f¸̸̶͐ͤ 

3.5.2́ʈ̍˺̖˥̅ͭTributary Ṡ�Ɠ́̈ FeƲì̇ƞÍ̂ δ56Fe9̇ɲ̴͎̇

̓˩ɕÆ˰̚˺ (Fig. 3.3)ˡδ56Fe 9̇ąư̄ƞÍ̈ͭ�Ɠ̇ƀ̂̃˼̗̂̔ʀˤ δ56Fe

9̝̔˾íƀ̐˺̈ Tributary S ̇�Ɠƀ̂̇ƚ~́̈ɧŃ˴̙˯̂˩́˪̄ˤˡ˲˺
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˩˽̀ͭδ56Fe 9̇ɲ̴͎̇̓̈ͭTributary S ̇�Ɠ́ǋ˳̀ˤ̙ Fe ̝�̒f¸vĂ

̸̶͐ͤ̅ɸ�˲̀ˤ̙̂Ȥ˦̗̙̚ˡ2 0 Fe ̂˲̀¶�˴̙Ʃ¶ Fe ̇a~̈ͭ�Ɠ

   (25–31%) ̖ ̘ ̔ í ƪ¤ ̇ƭƑƀ  (79–92%) ̅˧ ˤ ̀ŏĊ̅˙ˤ 

(Supplementary TableS 3.3)ˡ�Ɠ̇ƀɡĸ�̇ďƱƿɵ˧̖̊¢Ƿƿ̇ SEM-EDS

Tř̇Ȗś̈ͭƉÙƀ˨̗̇ Feƀʠfƿ̇Ƈź̝Ǯ˲̀ˤ̙ (Supplementary Fig.S 

3.2c)ˡ˯̗̇̚Ȗś̈ͭ�Ɠ̅˧˭̙ Fe̝�̒Ɏ̄f¸̸̶͐ͤ̈��̅Ǯ˴̖˥

̅ͭFeƀʠfƿ̂˲̀̇Ʃ¶ 20 FėʠfƇź́ˣ̙˯̝̂Ǯ�˲̀ˤ̙ˡ 

Fe2+(aq) + 1/4O2 + 5/2H2O→Fe(OH)3(s) + 2H+                         (3-1) 

DɁǧǸ́̈ͭƩ¶ 2 0 Fe ̇ˉǋƿǙʠf̖̙̅�&)TXdś̈-0.9±0.2‰

́ˣ̘ͭRayleigh̢̼͐̇TX̖̘̅ɧŃ˰̀̚ˤ̙˛ (e.g., Bullen et al., 2001; Castorina 

et al., 2013)ˡRayleighTẌ��̇î̖̅˽̀Ɇ˰̙̚ (e.g., Ohmoto and Goldhaber, 

1997; Oba and Poulson, 2009)ˡ 

δ = (δi + 1000)F(α-1) – 1000                                       (3-2) 

˯˯́ͭδ̈ŸǒƩ¶a~ Ḟ δ9̝ͭδïWŐǁč̇ δ9 (i.e., F = 1), α̈vĂ

̅ʵʏ˴̙�&)TX2Ĵ́ˣ̙ˡ�&)dś Δ̈��̇î̖̘̅û̗̙̚ˡ 

Δ = (α – 1) × 1000                                              (3-3) 

˯˯́ͭTributary S ̇�Ɠ́ǋ˳̀ˤ̙�&)TX̝MǇ˴̙˺̓̅ͭ̐˵ͭWŐ

FeƲì̂ δ56Fe9̈ s4 (˸̚˹̚ 165 ppm, +0.45‰) ̅˧˭̙ FeƲì˧̖̊�&)

ȔĐ̝MǇ˴̙˺̓̇9̅ɝ¼˲˺ˡ�Ɠ̇ Cl Ʋì̅¡˿˪ͭàʡdś̝ġʺ˲˺

ù̇ FėŸǒƩ¶a~̂˲̀ͭTributary S�Ɠ̇ FeƲì̂WŐ FeƲì̂̇Ž́Ǯ

˲˺ˡ̐˺ͭs4 ̈ d3 ̂ s1 ̇ƚ~ù̅àʡ̇ôˌ̝y˭̀ˤ̄ˤ̂�¼˲ͭs4 ̅˧˭

̙ Cl Ʋì̝WŐ Cl Ʋì̂˲̀Ǎˤ˺ˡ˅Ő˧̖̊�Őͭ	ɡĸ̇ɚȁ̅�˳ δ56Fe

9ͭFe, ClƲì̝Ǎˤ˺ˡ 

˯͚̇͂̂͢�ɜ̇ʔǴ̖̅˽̀�˦̗̚˺ɚȁ9̈Ƣ¼9̂�ȭ˲̄˨˽˺ 

(Fig. 3.7)ˡ˯̇��ȭ̇̄r�̈ͭŸǒƩ¶ Fe a~̇ɚȁ˩�»Ǵˣ̙˯̂˩

Ȥ˦̗̙̚ˡƢ¼9͚̂͂͢9̂̇ʴ̇Ý̈˸̚˹̚�Ő́ 30–33%, ˅Ő́ 32–

61%́ˣ˽˺ˡ˯̇ɦÝ̇r�̙̂̄zȨĆ˩ō̔˙ˤ̢̰̇̈ͭͤ̈́č̇ Fe ͪœǧ

Ǹ́̈ͭ0.2 μm ̡͎̼̇ͩ́͢Ƴʔ˰̄̚˨˽˺Tǐ̢̝̰ͤ̈́č̂˲˺ͫ˩¶�˲ͭ˸

̗̝̚Ʃ¶ FeƲì̂˲̀Ƣ¼9̅�̓̀ˤ̙˯̂˩Ȥ˦̗̙̚ˡ20̇ Fe̝�̒ʠĆ

ƀ˛ (d3) ̂ƉÙƀ (s3) ̇ąʍ̄ƚ~˩ Fe ƀʠfƿ̇þȉ´̇Ƈź̝̔˺̗˲˺̂
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�ĉ˰̙̚ (Supplementary Fig.S 3.2c)ˡ̢̰ͤ̈́č Fe ̈ÏēǙ̅}�Ƹ́Ƈź˴̙

̂Ȥ˦̗̙̚˩ͭ�Ɠ (e.g., s4) ˨̗ʂʉ˰̚˺zȨĆ̔ˣ̙ˡ̐˺̢̰ͭͤ̈́č Fe ̖̙

ʂʉ̈ͭˤ˫˾˨̇Bȑ (e.g., Ca, Mg, K, Fe, Mn, Zn) ̇ Tributary Ṡ�Ɠ̂�Ɠʴ

̅˧˭̙ƲìŽ˩ Na ̕ Cl ̂Žʁ˲̀Ì˰ˤ˯̝̂˥̐˫ɧŃ́˪̙ (Suppementary 

Fig. S3.3)ˡ 

˲˨˲̄˩̗ͭ˯̇ɗʡ̅̈ˤ˫˾˨̇�ǫ¾Ć˩ˣ̙ˡ�˾ǝ̅ͭŸǒƩ¶a~

̢̰̅ͤ̈́č Fe̝�̙̓̂ͭFė�&)Ž̈̔˽̂ 56Fe̅Ä̒̈˵́ˣ̙ (Ingri et al., 

2006; Ilina et al., 2013) ˡ˯͚̈ͭ͂̚͢f˰̚˺9̖̅˽̀Ǯ�˰̚˺̖̘̔ͭFėŸ

ǒa~˩̖̘'˫ͭδ56Fe 9˩̖̘ʀ˫̙̄Ȗś̙̂̄̈˵́ˣ̙ˡ�˾ǝ̅ͭƉÙƀ˩

þǋƿ̖̙̅ʧʜB̖̅˽̀Ʈ�Ǚ̅ˉã̅ʀˤ δ56Fe 9̝ŏ˴̙ʕ̇ƓFƀ̂ƚ

~˰̚˺zȨĆ˩ˣˮ̗̙̚ (Brantley et al., 2004; Crosby et al., 2007)ˡ˲˨˲̄˩̗ͭ

Tributary S ̇�Ɠ ́̈ Fe Ʋì˩˙ˤ˺̓ͭőǣ̇ƓF˩ Fe �&)Ž̅ȕ˴

ôˌ̈ͭƲì˩ŏĊ̅˙ˤ¤~̝ʺ˪ōÌʸ̇̈˵́ˣ̙ˡ 

�˾ǝ̅ͭƩ¶ 2 0 Fe ̇ʠfƇź̅˧˭̙ Fe �&)̇TXdś̈ͭ-0.9‰̖̘

°˪ˤzȨĆ˩ˣ̙ˡ˯̇�&)dś̈DɁǧǸ̅˧ˤ̖̀̔˫y˭F̗̀̚̚ˤ̙

(Beard, 2004; Dauphas and Rouxel, 2006) ˩ͭð̨̠͢͡Ć̇ŕ��́ɪ̗̍̚˺̔̇

́ˣ̙ˡ˲˨˲̄˩̗ͭTributary S ̇�Ɠ ́̈ͭvĂ̈ðʠĆŕ�� (pH 4.98–

6.24) ́ɸ˯̙ˡƩ¶ 2 0 Fe ̇ʠfƇź̅̂̔̄˥�&)dś̈ͭ̐˵ͭFe2+(aq)̂

Fe3+(aq)ʴ́̇æɅTX̅Țˤ̀ͭFe3+(aq)˨̗ Fe(OH)3(s)̙̅̄ˀ̇eǙ�&)dś

̖̙̅TẊȔ̑~̜˶̝�̒ 2 ̶́̿͐̇vẮȤ˦̗̀̚ˤ̙ (Johnson et al., 

2002)ˡpH ̈G)̇�&)dś (i.e., Δ 9) ̝©c˰˶̙Ƈźʍì̝'�˰˶̙˯̂

̖̅˽̀ͭʍìɫǙ�&)TX̅ôˌ̝ȕ˴zȨĆ˩ˣ̙ˡʠĆ�íƀ̅ʵ˴̙

DɁǧǸ́̈ͭFe ƀʠfƿ̇Ƈź̅$˥�&)TX2Ĵ̈ͭǔ̙̄ pH ̅˧ˤ̀̈ͭ

Ƈźʍì̕vĂȕɻ˛ (Borrok et al., 2009)ͭ̐˺̈ jarosite̕ schwertmannitē̃̇

ǔ̙̄ Feʪƿǟ̇Ƈź̇˺̓̅ͭf˲˥̙˯̝̂ɭɫ˲̀ˤ̙˛ (Egal et al., 2008)ˡ

�&)dṥ¼ʤǙ̄ɠ0̂ Tributary S̅˧˭̢̙̰ͤ̈́č FėÂ�̅˾ˤ̀̈ͭ

̖̘ɣȒ̄ŧɛ˩āɎ́ˣ̙ˡ 

 

3.5.4 Tributary S̅˧˭̙ Th, U˧̖̊ REĖȫƻƔf 

Fe ̂�Ŭ̞̅ͭ̎̂̃̇þʤBȑƲì̈ Tributary S ̇�Ɠ́ƞÍ˴̙ 
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(Supplementary TableS 3.2)ˡǀ̅ͭ]ȃ́ʈ̍˺̖˥̅ͭTh, U˧̖̊ REĖƲì̈

Na̕Cl̖̘̔°ä̅'�˴̙ˡTributary Ṡō�Ɠ̇�Ƹ̇U˧̖̊ThƲì˛ (i.e., 

0.23 ppb, 0.02 ppb) ̈�Ɠ̇�Ƹ̂�Ǵì́ˣ̙  (e.g., 1.84 ppb, 0.01 ppb; 

Supplementary Table S3.2)ˡ˲˺˩˽̀ͭíƪ¤˨̗̇ƄŜ̇ôˌ̈ͭ¡œǙ̅ƄŜ

�Ƹ˨̗Ȏ 1.5 km �K̅Zʸ˰̀̚ˤ̙ˡ˯̈ͭ̚�̇ƉÙ̕ġƀ̂̇mȐ̄ƚ~

̇̑́̈ɧŃ˴̙̄ˤ˺̓ͭf¸vĂ̖̙̅ȫƻƔḟdś́ˣ̙̂Ȥ˦̗̙̚ˡ 

Fig. 3.8̈}ɡĸĤx�Ƹ (s4, s5, s6) ́̇ ThͭU˧̖̊ REEṡƲì̝ƄŜƥ

́ˣ̙íƪ¤̇ƭƑƀ (p2) �̇Ʋì́ɑšf˲ͭCl Ʋì̇f˨̗ħ¼˰̙̚à

ʡ2Ĵ̝˨˭ȁS˲˺9̝ɲ̇ÇĴ9́Ǯ˲˺f¸Ǚʺsdǅ̝Ǯ˲̀ˤ̙ˡíƪ

¤̇ƭƑƀ (p2) ˧̖̊íƀ (d3) ́̈ͭTh, U˧̖̊ REEsƲì˩ 90%̔ƞÍ˴̙

˩ͭ�Ŭ̅ ClƲì̔~80%ƞÍ˴̙˺̓ͭ˯̗̇̚Bȑ̇f¸Ǚʺsdǅ̈ 0˨̗̎

̏e˲̄ˤˡ˲˺˩˽̀ͭ˯̇hʴ́̇ƲìƞÍ̈¡œǙ̅àʡ̖̅˽̀ɧŃ́˪

̙ˡ 

REE, U˧̖̊ Th ̇f¸Ǚʺsdǅ̈íƪ¤̇ƭƑƀ˩ Tributary S ̂~Ɠ˲˺

Ň̅ŏĊ̄©c˩ɐ̗̙̚ˡōȓǙ̄ (i.e., s6) ʺsdǅ̈ Th > U > REĖˏ̅˙

˫ͭ9̈ō°́ 2Ţ��ǔ̙̄ˡTḣō°ʺsdǅ̈ 3.4́ͭƲì̈~18,0006ʆ˫

ƞÍ˲̀˧̘ͭf¸vĂ̖̅˽̀ō̔dǅȯ˫ʺs˰̀̚ˤ̙˯̂˩T˨̙ˡU ̂ REE

̇Ʋì̈˸̚˹ͭ̚~3,3006ͭ~1506ƞÍ˲̀˧̘ͭREE̅Ž̍̀ U̇Ļ˩̕̕˙

ˤdǅ̝Ǯ˲˺ˡTributary S̅˧˭̙f¸Ǚʺsdǅ̇©c̈ͭd3˨̗ s4, s5˨̗ s6

̇ʴ́ɐ̗̙̚ pḢŏĊ̄©c (4.07˨̗ 4.98, 5.15˨̗ 5.98) ̅ÇĂ˲̀ˤ̙̖˥

̅Ą̜̙̚ˡTributary Ṡ�Ɠ̇ pH�ł̈ͭ˧˸̗˫˙ˤ pHȟɄȨ̝ě˾�̇ġ

ƀ̔˲˫̈ƉÙƀ̇ƓF̖̙̅ôˌ́ˣ̙̂Ȥ˦̗̙̚ˡTḧ d3 ˨̗ s4 ̇hʴ́ͭU

̈ s5˨̗ s6̇hʴ̅˧ˤ̀ō̔dśǙ̅ʺs˰̀̚ˤ̙ˡ˯̇Ȗś̈ͭs4̇ďƱƿ

ɵ˨̗̖̘¯˫̇ Th˩ĘS˰ͭ̚s6̇ďƱƿɵ˨̗̖̘̈¯˫̇ U˩ĘS˰̚˺ TAO

ĘSƩƘ̇TřȖś̂ĵ~Ǚ́ˣ̙ (Fig. 3.5)ˡ��̇Ȗś̖̘ͭ˯̗̇̚Bȑ̇ʺ

sŰū˩ǔ̙̄zȨĆ˩Ȥ˦̗̙̚ˡŲȃ́̈˸̇ʺsŰū̅˾ˤ̀ɭɫ˴̙ˡ 

 

3.5.5 ĉ¼˰̙̚ Th˧̖̊ U̇ȫƻƔf̷̨͙͆͘ 

œǧǸ� ̇Ǌ¨̅˧˭̙ǵˢ̇ Th ˧̖̊ U ʪƿ̇Ʃɗì̇ɚȁȖś̖̘ͭ

Tributary Ṡ�Ɠ́̈ƉÙƀ̈ thorianitė̖˥̄ Th�ŏʪƿ̅ʵ˲̀ʔ˖�́ˣ
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̘û̙˩ͭU�ŏʪƿ̅ʵ˲̀̈�˖�́ˣ̙˯̂˩T˨̙ (Fig. 3.9)ˡTh�ŏʪƿ̇

Ʃɗì̈ Al ̂�Ŭ̅ pH̅ĲČ́ˣ̙˺̓ (Stumm and Morgan, 1996)ͭíƪ¤̇ƭ

Ƒƀ (p1, p2) ̈ǋƒġƀ (d3) ̂ƚ~˲˺ˀ̅ȷ˲˫ʔ˖�̅̄˽˺zȨĆ˩ˣ̙ˡ

˲˨˲̄˩̗ͭTḣō°̇f¸Ǚʺsdǅ̈ͭd3̂ s4̇ʴ́ǋ˳̀˧̘ͭ˯̈̚ʍì

ɫǙ̄dś̖̙̅̔̇́ˣ̙̂Ȥ˦̗̙̚ˡ̐˺ͭTh �ŏʪƿ̇Ʃɗì̈ͭTh ̇Ʃ¶

ͦ͡ʠ¦ʯ)óĐ̖̘̅ͭPO43-Ʋì̇©ĉ̂̔̅©c˴̙ (Fig. 3.9a)ˡs5 ̇ƀ̈ͭ

thorianite ̅ʵ˲̀˖�˲̀ˤ̙˩ͭs4 ˧̖̊ s6 ̇ƀ̈ͭPO43-Ʋì̇f̖̘̅

thorianite̅ʵ˲̀ʔ˖�́ˣ̘ͭ˯̖̇˥̄Ǉɰ̈Ƈźʍì˩ʑˤ¤~ɸ˯̘û̙ˡˣ

̙ˤ̈ͭTh Ʋì̈ thorianite �®̇Ʀº¼ǟͭ.˦̉ˉŊɵ̇ Th(OH)4̖̅˽̀Į

ʟ˰̀̚ˤ̙zȨĆ˩ˣ̙ˡ˯̈ͭ̚thorianite ̖̇˥̄Ʃɗì̇'ˤǟ̈ TAO ĘS

̖̅˽̀̈ƗS˲̄ˤ̂�¼˴̙̂ˣ̘û̙ˡ˲˨˲̄˩̗ͭˉŊɵ Th(OH)4 ̇Ʃɗì

̈ thorianite ̖̘̔ĴŢ˙ˤ˺̓˛ (Rand et al., 2009)ͭTributary Ṡƀɡĸ̈ˤ˵̔̚

ˉŊɵ Th(OH)4̅ʵ˲̀ʔ˖�́̈̄˨˽˺ (Fig. 3.9a)ˡ˲˺˩˽̀ͭTributary Ś

̈ͭthorianite ̂ Th(OH)4̇�ʴ)̇Ƈź̖̘̅ͭTh Ʋì˩Įʟ˰̀̚ˤ̙zȨĆ˩

˙ˤˡ 

Tributary ṠG̀̇ƀɡĸ̈ U�ŏʪƿ̅ʵ˲̀�˖�́ˣ̙˺̓ (Fig. 3.9b)ͭ

U ̈Ƈź̖̅˽̀ƉÙƀ�˨̗ʺs˰̀̚ˤ̙zȨĆ̈'ˤˡ̄˧ͭǧǸÇɰ� 

�ʄ̖̇˥̄'ơǊ¨̅˧ˤ̀̈ͭʍìɫǙ̄ĖZ̖̘̅óĐ˰̅̚˫ˤƽb¸Ǚ̅

º¼̄ǀ¼̇ʪƿ (e.g., UO2HPO4(c), uranophane, soddyite, haiweeite, Na2U2O7(c), 

(UO2)3(PO4)2(c)) ̅˾ˤ̀̈�ǈf¸͚̭͂ͦ͡˨̗ʺ®˲˺ˡẊʺsŰū̂˲̀Ȥ

˦̗̙̇̈ͭ̚U ̢̧ͦ̇ʪƿ̐˺̈Ƈźƿˣ̙ˤ̈	Ļ̌̇�ǡvẮˣ̙ˡ¯˫

̇DɁǧǸ (e.g., Langmuir, 1978; Davis et al., 2004) ̅˧ˤ̀ͭ�Ć pHŕ��́̈

U ̈ Fe ƀʠfƿ̅�ǡ˴̙˯̂˩£�˰̀̚ˤ̙ˡ˯̷̨͙̇͆̈ͭ͘ďƱƿɵ�̇

U (˧̖̊˸̇�̇þʤBȑ) ̂ FeƲì̈ s4 ̖̘̔ s6̅˧ˤ̀˙ˤ̂ˤ˥ TAOĘS

̇Ȗś˨̗Įě˰̙̚ (Fig. 3.5)ˡ˯̈ͭ̚s5 ˧̖̊ s6 ̅˧˭̙ Fe ̢̰ͤ̈́̇ôˌ˩

s4̖̘̔°˪ˤ˯̝̂Ǯ˲˺ Fe�&)̼͂ͩ̂̔ĵ~Ǚ́ˣ̙ (Fig. 3.7)ˡs5́̇ Fḛ

̢̖̘ͤ̈́̇°˪̄dś̈ͭpḢ�ł̅$ˤɆˊˆȶ˩̖̘�Ć̅ʆ˿˫˯̖̙̂̅ Fe

̢̰ͤ̈́̇Qˁ̅ɸ�˴̙zȨĆ˩˙ˤˡ̐˺ͭFḛ̢ͤ̈́̇Qˁč̇Ƈʷ̈ͭs6́̇

U̇f¸Ǚʺsdǅ̇©ċɎ�́ˣ̙̂Ȥ˦̗̙̚ˡ 

Fe ƀʠfƿ̇Ƈź̖̙̅ U ̇x̘ʅ̑̇zȨĆ̝ɪ̙̍˺̓̅ͭFe ƀʠfƿ̌
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̇ UɆˊʯ)óĐ̝ Tributary S�Ɠ̇f¸ŕ��͚̭̝́͂ͦ͡Ɂ˽˺ˡɚȁȖś

̖̘ͭ pH > ~4.5 ̇Ȅ�̅˧ˤ̀̈ͭ >(w)FeOUO2+, >(w)FeOUO2CO3-˧̖̊

>(w)FeOUO2(CO3)23-̇Ɇˊʯ)ǵ˩ĮʟǙ́ˣ̙˯̂˩T˨˽˺ (Fig. 3.10)ˡǀ̅ͭ

Tributary S ̇ s4 ˨̗ s6 ̅ǟò˴̙ pH ː  (~5 ˨̗~6) ́̈ͭ>(w)FeOUO2+̇Ɇ

ˊʯ)ǵ˩ĮʟǙ́ˣ̙ˡ˲˺˩˽̀ͭU ˩ Fe ƀʠfƿ̌̇�ǡǵ̂˲̀ƉÙƀ�

˨̗ʺs˰̸̶̙͐ͤ̈̚ƽb¸Ǚ̅̔zȨ́ˣ̙̂Ȥ˦̗̙̚ˡU ̈ Al ƀʠfƿ̅

̔�ǡ˴̙zȨĆˣ̘ (Baumann et al., 2005; Zhang et al., 2005; Froideval et al., 2006)ͭ

̐˺ͭTh˩ Feƀʠfƿ̅�ǡ˴̙zȨĆ̔Ȥ˦̗̙̚ (Rojo et al., 2009; Seco et al., 

2009)ˡ˲˨˲̄˩̗ͭďƱƿɵ̇ TAO ĘṠȖś̈˯̗̇̚zȨĆ̂ĵ~Ǚ́̈̄

ˤ˺̓ͭTributary S̅˧˭̙Ɏ̸̶̄͐ͤ́̈̄ˤzȨĆ˩˙ˤˡREË¦fƿ̢

̧ͦͭǪʠ̢̧ͦͭƷʠ̢̧ͦ˧̖̊Ʃ¶ŏŰƿ̂Ʃ¶ʯ)̝óĐ˴̙>�˩ˣ̙˺

̓ (Gosselin et al., 1992; Johannesson et al., 1995; Johannesson et al., 1996; Serrano et 

al., 2000)ͭTributary Ṡŕ��́̈ REE�ŏʪƿ̇ƇźóĐ̈Ȥ˦˄ˤˡREË

Fe ƀʠfƿ̅�ǡ˰̚ Fe ̢̰ͤ̈́̂̂̔̅ʂʉ˰̙̚zȨĆ̔Ȥ˦̗̙̚˩ͭʺsd

ǅ̈ U̖̘̔'ˤˡpH˩ 5.1őƤ̇ʠĆ�íƀ�́̈ REËƩ¶č̂˲̀¶�˴̙

˯̂˩£�˰̀̚ˤ̙˩ͭ˙ pH ́̈ Fe ƀʠfƿ̅Tʟ˰̙̚zȨĆ̈ˣ̙ 

(Verplanck et al., 2004; Medas et al., 2013)ˡ 

œǧǸ́̈ͭƄŜƥ̈ ilmenite ɋʮ̖̙̅íťƿ́ˣ˽˺˩ͭ˯̇ɋʮÛ¤́R

ǉ˰̀̚ˤ̙rĸ̅̈˨̘̄̇ʤ̇ REE ʪǤʪƿ˩�̐̀̚˧̘ͭRǉù̇íťƿ

̈ REE ɋʮ̅˧˭̙íťƿ̅˓%˲˺ǀÿ̝̔˾˯̂˨̗ͭœǧǸ́Ǎˤ˺ĔƋ̈

REE ɋʮ̅˧˭̙Ǌ¨ôˌɠ0̅̔ʙǍzȨ́ˣ̙̂Ȥ˦̗̙̚ˡ̄ REE ʪǤʪ

ƿ˛ (e.g., monazite, bastnaesite, xenotime) ̇ɋʮ́�ȮǙ̄ĻƋ́ˣ̙ͭȲĆ̺ͩ̽

Ƌ˧̖̊ǪʠƋ̈ͭ˨̘̄̇ʤ̇ Fe, Th, U ̂Íʤ̇ REEs ̝ƀʠfƿ̄̃̇ŽʁǙ

Ʃɗì̇˙ˤǟ̔˲˫̈�ǡč̂˲̀�̒íťƿ̝ǋ˳̙ (IAEA, 2011; Kim and 

Osseo-Asare, 2012)ˡǀ̅ͭíƘ̇ʠf˧̖̊��Rǉ˩�iT́ˣ̙̂ͭFeCl2 ̄̃

̇˙Ʃɗìǟ˩�)íťƿ�̅¶�˴̙zȨĆ˩ˣ̙ˡ˯̗̇̚zƩĆǟ̂˅ƀ̂

̇vĂ̈ͭœǧǸ̢̲̓́ɕÆ˰̚˺̖˥̄˙Ʋì̇ʥÑ̢̧̝ͦ�̒ʠĆƩƘ̝ǋ

Đ˴̙zȨĆ˩ˣ̙ˡ˲˺˩˽̀ͭœǧǸ́ɫ˳˺�ǈf¸Ǚ̸̶̄͐ͤ̈ͭREE ɋ

ʮ̖̅˽̀ƄŜ̝y˭˺� ́̔ɸ˯̘û̙̂Ȥ˦̗̙̚ˡ̐˺ͭœǧǸ̇Ȗś̈ƄŜ

˰̚˺ƉÙ̇þʤBȑ̇ĝe̅Ç˴̙ Fe ̇ʢɎĆ̝ñɪ˲̀ˤ̙ˡ˯̈ͭ̚ǀ̅
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REEs˩ Fê̂̔̅Ʋˁ˲̀ˤ̙Ų̖̇˥̄ REEʪéͭʧ-REEʪé (e.g., Bayan Obo, 

��)ͭ˔f Fe �̨̢͔̼ͩ̓ͅʪé (e.g., Mt. Weld, ̶̧̠ͩ̓͠͡; Kangankunde, 

̡͖̣͠)ͭƬǥ�ʪé (e.g., ̶̧̢̠ͩ̓ͭͦ̈́ͭ͠͡͏̵̴͖̠ͭͣͩ̄̃́͢͠¯Ĵ

̇ʪéˣ̘) ̅˧ˤ̖̘̀ͭǞĦǙ̅ʙǍzȨ́ˣ̙̂Ȥ˦̗̙̚ (Watanabe, 2014)ˡ

œǧǸ̅˧ˤ̀ūȅ˲˺ Th ˧̖̊ U ̇�ǈf¸͚͂̅͢˾ˤ̀̔ͭƄŜ˰̚˺Ɖ

Ù�́̇˯̗̇̚Bȑ̇�ǈf¸Ǚĝėǉɗ̅ŏǍ́ˣ̙̂Ȥ˦̗̙̚˩ͭŬˢ

̄Ǌ¨ͭǀ̅˙Ʋì̇ʻ̢̧ͦ (e.g., ͦ͡ʠ̢̧ͦͭǪʠ̢̧ͦ) ̝�̖̒˥̄Ǌ¨̅

˧˭̙͚͂̇͢ŏǍĆ̇ŧɟ̇˺̓̅̈˰̗̙̄ŧɛ˩āɎ́ˣ̙ˡ 

 

3.6 Ȗɫ 

œǧǸ́̈ͭIpoh Þ˧̖̊˸̇�ʄ� ̇ƉÙƀ̇f¸ȔĐ̈ͭ̅�ʄ̇¡

Ǜ̇�ɵ¸Ǚŕ� (Ôʴʝ̈ȱØÖͭɮʝ̈ǤƵÖ) ̖̅˽̀Įʟ˰̀̚ˤ̙�Ļ

́ͭTributary S ̇�Ɠ ̇ƀɵ̈�ƹǙ̄ôˌ̝y˭̀ˤ̙˯̝̂Ń̗˨̅˲˺ˡ

Tributary S ˨̗Ĥx˲˺ƀͭ¢Ƿƿɡĸ̇ REE̼͋ͩͦͭPb˧̖̊ Fe�&)ȔĐ

̈ͭƄŜƥ˩�Ȑƿ̂˲̀ǟòʤ̇ REE ʪǤʪƿ (e.g., monazite) ˩�ŏ˰̀̚ˤ

̙ ilmenite ɋʮ̅ʵʏ˴̙íƪ¤̇ƭƑƀ́ˣ̙˯̝̂Ǯ˲˺ˡ��̇Ȗś̖̘ͭ˯̚

̗̇�ǈf¸ǙĜŭ˩ REEɋʮ̖̙̅ƄŜ̇Ĝŭ̂˲̀ŏǍ́ˣ̙˯̝̂Ǯ˰̚˺ˡ 

Tributary S ́̈ͭƄŜƿɵ̇Ʋì̈�ƓȎ 1.5 km ̇Ȅ�́ͭ pH ̇�ł̅$ˤ

ƞÍ˲˺ˡʣ®́̇ɕÆ˧̖̊¢ǷƿͭďƱƿɵ̇ SEM ɕÆ̇Ȗś˨̗ͭ˯̇ƄŜ

˩ǫɤ˰̚˺� ́̈ Fe ƀʠfƿ̇ƇźóĐ˩ǀ̅˒ȷ́ˣ̙˯̂˩Ǯ˰̚˺ˡ

Tributary S ̇�Ɠ́ɐ̗̚˺ δ56Fe ̇ɲ̴͎̇̓̈ͭƩ¶ 2 0 Fe ̇ʠfƇź̖̙̅

�&)dś̅ɸ�˴̙zȨĆ˩˙ˤ˩ͭRayleigh TX͚̖̙͂̅͢ɚȁ9̂̈�ȭ

˲̄˨˽˺ˡ˯̢̰̈ͭͤ̈́̚č̇ Fe ̖̙̅�Ɠ̇ŸǒƩ¶ Fea~̌̇ôˌ̂˲̀ɗ

ʡ˴̙˯̂˩́˪̙ˡTributary Ṡ�Ɠ̅˧ˤ̀ Th, U, REEṡƲì˩ƞÍ˴̙̄

Ɏ�̈f¸vĂ̖̙̅ƉÙƀ�˨̗̇ʺśˣ̙˯̝̂Ń̗˨̅˲˺ˡG)̇ʺsd

ǅ̈ͭTh > U > REEṡˏ̅ƞÍ˲ͭ˯̗̇̚Bȑ̇ pH�ł̌̇ĂȀ̈ǔ̙̄ˡTAO

ĘŜ�ǈf¸͚̭͂ͦ̇͡Ȗś̖̘ͭTh ̈ thoriganite ̂ Th(OH)4̇�ʴ)̂˲̀Ƈ

ź̝óĐ˴̙˯̖̘̂̅ƉÙƀ˨̗ʺs˰̙̚zȨĆ˩˙ˤ˩ͭU̅˾ˤ̀̈ Feƀʠ

fƿ̌̇�ǡ̖̅˽̀ƉÙƀ˨̗ʺs˰̀̚ˤ̙zȨĆ˩˙ˤ˯̝̂Ǯ˲˺ˡ˸˲̀ͭ

˯̗̇̚�ǈf¸Ǚ̸̶͐ͤ̈ REE ɋʮ̖̅˽̀ƄŜ̝y˭˺� ̅˧ˤ̀̔�Ŭ
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̅ɸ˯̘û̙̂Ȥ˦̗̙̚ˡ 
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Fig. 3.1 (a) ɡĸĤx�Ƹ̇��ͭ(b) ǩȞ́Ǯ˰̚˺Ȅ�̇Ě°�. 

 

 

Fig. 3.2˛ ƀɡĸ̇Ɏf¸ȔĐ (piper diagram). 
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Fig. 3.3 íƪ¤̇ƭƑƀͭíƀ˧̖̊ Tributary Ṡ�Ɠ̂�Ɠɡĸ̇ δ56Fe ̂ log [Fe]̇ʵ2ͮ
íƪ¤̇ƭƑƀ̇ôˌ̝y˭̀ˤ̙ɡĸ̈�¥̘̇ɜ|́Ǯ˲˺ͮɦÝȄ�̈ 3�Ƣ¼̇ŭƦ
:Ý (2σ) ́Ɇ˲˺ͮ 

 

 
Fig. 3.4˛ ƣͭƉÙͭíƀͭ˧̖̊íƪ¤̇ƭƑƀ̇ƀɡĸͭ¢Ƿƿ̇ʠĘSɡĸ̂ɪŝ� ̇
ȱØÖ˛ (œǧǸ) ˧̖̊ŗl̵̠̠̥̠̻̇ͤ͢ (Mukai et al., 1993; Bollhofer and Rosman, 
2000; Bollhofer and Rosman, 2001)˛ ̇ Pḃ̢̠̺̓͐̓ͩ͐͐ͤ̿̓ͮ͢͡ 
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Fig. 3.5 Tributary S�Ɠ (s4, s6) ́Ĥx˲˺ďƱƿɵ̇ TAOĘSƩƘ�̇ (a) Th˧̖̊ Al, 
(b) U˧̖̊ FėƲìͮ 
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Fig. 3.6 C1 ̢̰ͦ̈́̓͠ (Boynton, 1985) ́ɑšf˲˺ͭíƪ¤̇ƭƑƀͭíƀɻ˧̖̊
Tributary Ṡƀɡĸ̇ REE̼͋ͩͦ̂ monazite (Lee and Bastron, 1967)˛ ̇ REE̼͋ͩͦ̇Ž
ʁͮ 

 

 
Fig. 3.7˛  Tributary S�Ɠ́˅Őͭ�Ő̅Ĥx˲˺ƀɡĸ̇ δ56Fe ̂ŸǒƩ¶ Fea~̂Ŭˢ̄
�&)TX2Ĵ (Δ = 0.5‰–2‰) ̅˧˭̙ Rayleigh ̢̼͐̇TX́̇ɚȁ9ͮWŐ δ56Fe˧̖
̊ FeƲì̈˸̚ƛ˦ 0.45‰ͭ165 mg/L ̂�¼˲˺ͮƵȰ̇͊ͩ̈Ƣ¼9 (�) ̂�&)TX2
Ĵ˩+0.9‰˻̂�¼˲˺ˀ̇ɚȁ9 (̢̽͜) ̂̇Ý̝Ɇ˴ͮ 
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Fig. 3.8 íƀɻ (d3), Tributary Ṡ�Ɠ (s4–s6) ̅˧˭̙ pH ̂ Th, U˧̖̊ REEṡf¸Ǚʺ
sdǅdǅͮ 

 

 
Fig. 3.9 ʽ̢̧ͦƲìͭʻ̢̧ͦƲì̇¾Ƣ9 (Supplementary TableS 3.2) ̝Ǎˤ̀ɚȁ˲˺ (a) 
Th �ŏʪƿ, (b) U �ŏʪƿ̇ 25℃̅˧˭̙Ʃɗìͮ (a) ̇ǩȞ̈ s5, s4 (s6) ̅˧˭̙
logHPO42- = -5.42, -6.20 (-6.19) ̅ÇĂ˲˺ thorianite ˧̖̊ Th(OH)4 ̇Ʃɗì̝Ǯ˴ͮ

UO2HPO4(c), uranophane, soddyite, haiweeite, Na2U2O7(c), (UO2)3(PO4)2(c)̈ɚȁ˨̗ʺ®˲˺ͮ 
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Fig. 3.10 Tributary S�Ɠ̅˧˭̙ 30̇ Feƀʠfƿ̌̇ U (VI) ̇�ǡ̇Ɇˊʯ)͚͂ͮ͢
¾ɼ˧̖̊ǩȞ̈˸̚˹ͭ̚Ʃ¶ǵ˧̖̊Ɇˊʯ)ǵ̝Ǯ˴ͮƵȰ̇Ȅ�̈ s4˨̗ s6ʴ̇ pH
Ȅ�̝Ǯ˴ͮ 
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3.7 Supplementary 

Supplementary TableS 3.1 GWḂľ¶̶̼̇͂ͩ͑ͩ̅c˦˺ƽb¸̼͂ͩ. 

 

 

 

 

 

 

 

 

 

 

 

Reaction Log K Refference
U (VI)-phosphate aqueous complexation reaction
UO2

2+ + 2HPO4
2- + 2H+ = UO2(H2PO4)2 21.744

UO2
2+

 + 2HPO4
2- + 3H+ = UO2(H2PO4)(H3PO4)

+ 22.754

UO2
2+ + HPO4

2- + H+ = UO2H2PO4
+ 11.672

UO2
2+ + HPO4

2- + H+ = UO2H3PO4
2+ 11.312

calcium-U (VI)-caobonate aqueous complexation reaction
Ca2+ + UO2

2+ + 3CO3
2- = CaUO2(CO3)3

2+ 27.18

2Ca2+ + UO2
2+ + 3CO3

2- = Ca2UO2(CO3)3 30.70

carbonate surface complexation reaction
>(w)FeOH + CO3

2- + H+ = >(w)FeOCO2
- +H2O 12.78

>(w)FeOH + CO3
2- + 2H+ = >(w)FeOCO2H +H2O 20.37

U (VI) surface complexation reaction

>(s)FeOH + UO2
2+ = >(s)FeOUO2

+ + H+ 3.736

>(w)FeOH + UO2
2+ = >(w)FeOUO2

+ + H+ 2.534

U (VI)-carbonate surface complexation reaction
>(w)FeOH + UO2

2+ + CO3
2- = >(w)FeOUO2CO3

- + H+ 9.034

>(w)FeOH + UO2
2+ + 2CO3

2- = >(w)FeOUO2(CO3)2
3- + H+ 15.28

U (VI)-phosphate surface complexation reaction
>(s)FeOH + PO4

3- + UO2
2+ +  H+ = >(s)FePO4UO2 + H2O 9.51

>(w)FeOH + PO4
3- + UO2

2+ +  H+ = >(w)FePO4UO2 + H2O 7.84
Gonzalez et al., 2007

Appelo et al., 2002

Grenthe et al., 1992

Mahoney et al., 2009

Mahoney et al., 2009

Dong and Brooks, 2006
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Supplementary TableS 3.2 ƀɡĸ̇ƿǉf¸̼͂ͩͭơìͭǿ0Ȟʤͭˆſ#Ëì (EC), ʠf
ʜBˆ& (Eh), Ʃ¶ʠȑ (O2(aq)), Ɏʻ̢̧ͦͭʽ̢̧ͦ˧̖̊þʤBȑƲìͮ 

 

 
 1 

 1 
Sample Temp. Equivalent dose EC pH Eh O2 (aq) HCO3  Cl SO4 PO4 Na Mg 
�  � µSv/h mS/cm �  V  mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Oct. 2013 - wet season           
P1 35 0.18 11.1 2.63 0.61 n.a. n.a. 3700 320 n.a. 20.7 29.7 
S1 32 0.18 3.49 7.06 0.24 n.a. 102 920 81.7 n.a. 421 6.05 
S2 34 0.24 4.19 6.21 0.22 n.a. 9.15 1100 89.0 n.a. 475 8.19 
S3 28 0.25 1.96 6.24 0.26 n.a. 4.88 670 51.4 n.a. 147 7.44 
K� 29 0.19 0.25 7.31 0.44 n.a. 106 10.7 12.9 n.a. 14.9 3.86 
K2 31 0.27 0.23 7.05 0.43 n.a. 89.1 9.85 12.1 n.a. 14.2 2.98 
K3 30 0.18 0.23 7.21 0.41 n.a. 81.7 11.7 11.8 n.a. 13.5 2.55 
L1 29 0.24 0.29 8.65 0.39 n.a. 107 31.0 5.10 n.a. 20.1 5.30 
L2 33 0.18 0.27 7.86 0.39 n.a. 81.7 2.77 47.7 n.a. 8.64 2.24 
J1 28 0.55 0.03 7.39 0.51 n.a. 11.0 1.46 0.76 n.a. 9.04 0.26 
J2 32 0.27 0.26 7.32 0.34 n.a. 97.6 8.27 5.70 n.a. 11.9 1.98 
             
Mar. 2014 - dry season           
p1 (P1) 35 0.22 14.8 2.42 0.61 4.56 n.a. 5000 316 0.07 20.9 35.7 
p2 38 0.13 20.0 2.35 0.65 7.55 n.a. 6820 312 0.10 31.2 44.5 
s1 32 0.22 0.45 7.46 0.36 4.10 146 12.4 11.2 0.46 10.6 3.19 
s3 (S1) 33 0.18 4.71 7.30 0.19 3.85 146 1160 97.1 0.01 722 4.79 
s4 36 0.11 5.20 4.98 0.40 3.46 12.4 1540 155 0.13 636 9.52 
s5 28 0.28 3.89 5.15 0.41 5.11 17.5 1180 142 0.36 451 9.27 
s6 (S2) 28 0.25 3.08 5.98 0.31 4.36 17.7 908 93.9 0.14 344 8.26 
d1 35 0.21 25.5 6.05 0.39 5.01 59.4 7970 550 0.07 5180 5.95 
d2 32 0.13 0.65 6.94 0.05 0.31 180 69.1 15.1 0.81 32.7 3.64 
d3 34 0.13 4.11 4.07 0.47 2.30 17.2 1160 101 0.06 32.6 11.0 
j1 26 0.50 0.07 6.91 0.45 6.50 17.2 0.66 0.77 0.02 2.18 0.38 
j2 26 0.24 0.16 7.20 0.43 6.18 17.2 0.61 0.78 0.02 2.11 0.38 
j4 28 0.18 0.38 7.14 0.42 5.03 43.0 6.39 1.02 0.02 5.21 0.84 
j5 (J2) 35 0.18 0.23 7.28 0.42 4.06 68.8 9.57 8.36 0.02 5.26 1.49 
             
Sample �  Si  Al K Ca Fe Mn Zn Pb  Th  U  ΣREE 
�  �  mg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L 

Oct. 2013 - wet season           
P1  n.a. 180 7.42 300 780 520 110 91000 29.9 270 22000 
S1  n.a. 0.36 8.61 70.5 4.45 3.85 0.31 n.a. <0.07 4.15 0.65 
S2  n.a. <0.002 10.4 100 79.1 49.5 11.5 n.a. <0.07 0.28 108 
S3  n.a. 0.24 7.72 77.8 56.8 39.5 11.5 n.a. <0.07 0.42 149 
K�  n.a. 0.65 1.94 28.1 0.37 1.23 0.05 n.a. 0.09 0.84 0.11 
K2  n.a. 0.66 4.77 27.5 0.71 0.62 0.04 n.a. 0.69 0.81 0.24 
K3  n.a. 0.67 3.84 26.2 0.06 4.24 0.05 n.a. 0.23 0.51 0.35 
L1  n.a. 0.62 3.10 31.5 0.01 0.11 0.04 n.a. <0.07 0.54 0.09 
L2  n.a. 0.60 2.07 31.5 0.01 0.27 0.03 n.a. <0.07 1.34 0.04 
J1  n.a. 0.96 1.94 1.60 0.06 0.14 0.04 n.a. 4.41 0.41 2.57 
J2  n.a. 0.67 5.64 26.4 0.13 0.42 0.04 n.a. <0.07 0.57 0.4 
             
Mar. 2014 - dry season           
p1 (P1)  2.53 285 8.24 203 1360 706 179 17600 45.8 870 26400 
p2  5.15 304 10.7 293 2020 855 288 20500 335 781 31400 
s1  4.78 <0.002 5.40 33.7 0.07 0.40 <0.2 0.05 0.01 2.51 0.04 
s3 (S1)  5.44 <0.002 8.61 55.8 0.09 3.15 0.06 <0.004 0.01 1.84 0.07 
s4  0.67 2.06 10.7 114 129 61.2 23.2 855 0.33 17.2 1580 
s5  0.94 1.30 13.4 106 120 56.1 21.1 570 0.14 6.96 1330 
s6 (S2)  0.28 0.20 14.0 96.7 81.9 41.6 15.3 15.0 0.02 0.23 237 
d1  1.03 1.45 18.7 84.9 <1 0.92 <0.2 0.15 0.03 1.49 0.05 
d2  8.31 <0.002 15.6 34.5 4.21 4.66 0.03 2.49 0.05 0.14 1.55 
d3  2.30 53.0 12.9 86.2 364 159 52.1 3440 34.9 118 5620 
j1  2.85 <0.002 2.13 2.62 0.08 0.05 <0.2 0.13 0.40 0.31 2.58 
j2  4.90 <0.002 2.11 2.34 0.05 0.04 <0.2 0.13 0.35 0.25 1.88 
j4  4.40 <0.002 5.54 7.15 0.20 0.12 <0.2 0.13 0.07 0.13 0.32 
j5 (J2)  4.17 <0.002 5.10 15.7 0.06 0.34 <0.2 0.13 0.07 0.21 0.47 
n.a. = not analyzed           
ΣREE = total rare earth elements from La to Lu.        

Table 1. Physico-chemical parameters, temperature, equivalent dose, electrical conductivity (EC), pH, 
redox potential (Eh), dissolved oxygen (O2(aq)), and major anion, cation and trace element chemistry of 
water samples. 
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Supplementary TableS 3.3 ̵͎̤ͤͦƋ̖̘̅ƃ̓˺ Fe2+, Fe3+Ʋì˧̖̊G Fe̅Ç˴̙ Fe2+̇

a~. 

 

 

Supplementary TableS 3.4 ƀɡĸ̇ Fe�&)ȔĐ. 

 

 

 

 

 

 

 

 

Sample Fe2+ Fe3+ Fe2+/Total Fe
ppm ppm �

p1 108.7 117.7 92.4
p2 94.8 120.2 78.8
s4 29.1 115.6 25.1
s5 36.9 118.5 31.1
s6 37.7 7.75 486 �
*Possibly affected by analytical error

Sample δ56Fe (‰� 2-σ
Water samples
P1 0.31 0.14
S1 -0.67 0.04
S2 -0.26 0.08
S3 -0.60 0.06
p2 0.42 0.06
s1 0.48 0.46
s3(S1) -1.14 0.10
s4 0.23 0.02
s5 0.04 0.06
s6(S2) -0.02 0.01
d2 -0.11 0.10
d3 0.45 0.08
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Supplementary TableS 3.5˛ ƀͭ¢Ƿƿ˧̖̊ÖǤɡĸ̇ Pb�&)ȔĐ̂ŗl̵̠̠̥̠̻̇ͤ
̇͢ Pb�&)ȔĐ. 

 
 

 

 

 

 

 

 

Sample 206Pb/207Pb 208Pb/207Pb
Water samples
p1(P1) 1.211 2.500
s4 1.195 2.507
s6(S2) 1.194 2.506
d3 1.204 2.504

Sediment samples, extracted with 1M HCl
S2 1.213 2.497
K� 1.214 2.478
J2 1.245 2.488
L2 1.181 2.445
s1 1.264 2.498
s3(S1) 1.191 2.499
s5 1.197 2.507

Rock samples, microwave digested
Bed rock (j1) 1.250 2.508
Bed rock Fresh (j1) 1.237 2.505
Bed rock (j3) 1.250 2.518

Aerosols (references)
Kuala Lumpur 1.141 2.410
Bangkok 1.127 2.404
Jakarta 1.131 2.395
Singapore 1.148 2.424
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Supplementary TableS 3.6 Tributary S2�� (s4, s6) 2���&2 TAO����2�#��-64
(����: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Na Mg Al K Ca Mn Fe Zn Pb Th U ΣREE
(%) (%) (%) (%) (%) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm)

s4 0.36 b.d. 13.4 0.37 0.17 b.d. 12.9 1049 2032 471 120 758
s6 0.27 b.d. 7.93 0.35 0.15 598 14.5 5964 4462 210 134 2502
LOD (%, ppm) 0.0006 0.0001 0.0003 0.0009 0.0001 1.02 0.0001 0.47 0.0006 0.0003 0.00001

ΣREE = total rare earth elements from La to Lu.
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Supplementary TableS 3.7+ ���2���9��'9-64 Tributary S2�2�%�)1-.7�#-64
(����2�*�2$� �:
",�!3	,�* (0.4≤R2<0.7) 89�,�!3�50	,�* (0.7≤R2<1.0) 8�/: 

 

 

 

 

Na Mg Si Al K Ca Mn Fe Zn ΣREE Pb Th U  Cl  SO4 PO4 HCO3
Na 1.000
Mg 0.431 1.000
Si 0.000 0.040 1.000
Al 0.464 0.976 0.005 1.000
K 0.163 0.175 0.079 0.209 1.000
Ca 0.311 0.840 0.136 0.737 0.221 1.000
Mn 0.477 0.995 0.025 0.992 0.178 0.801 1.000
Fe 0.415 0.956 0.080 0.938 0.095 0.695 0.960 1.000
Zn 0.400 0.947 0.112 0.915 0.084 0.701 0.946 0.997 1.000
ΣREE 0.497 0.988 0.021 0.982 0.199 0.846 0.992 0.924 0.910 1.000

Pb 0.506 0.962 0.017 0.983 0.398 0.641 0.979 0.974 0.954 0.947 1.000
Th 0.207 0.582 0.506 0.492 0.026 0.400 0.558 0.737 0.781 0.501 0.584 1.000
U 0.408 0.884 0.002 0.940 0.137 0.542 0.912 0.906 0.875 0.873 0.959 0.446 1.000
 Cl 0.330 0.983 0.066 0.944 0.138 0.795 0.971 0.972 0.969 0.948 0.959 0.662 0.883 1.000

 SO4 0.264 0.870 0.001 0.825 0.193 0.882 0.850 0.727 0.712 0.890 0.763 0.279 0.709 0.833 1.000
PO4 0.426 0.389 0.546 0.335 0.011 0.422 0.391 0.500 0.537 0.386 0.373 0.792 0.235 0.393 0.163 1.000

HCO3 0.000 0.418 0.530 0.113 0.960 0.130 0.180 0.245 0.280 0.229 0.007 0.065 0.159 0.143 0.311 0.076 1.000

strong correlation
very strong correlation

ΣREE = total rare earth elements from La to Lu.

0.4�R2<0.7
0.7�R2<1.0
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Supplementary TableS 3.8+ �%�2 REE-64 ΣREE��: 

 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L

Oct. 2013 - wet season
P1 4900 10000 1100 3800 670 23.7 630 75.3 350 57.5 170 21.6 160 18.7 22000
S1 0.20 0.25 0.02 0.09 0.02 0.02 0.02 0.001 0.01 0.0003 0.01 0.001 0.01 0.001 0.65
S2 47.1 43.6 3.41 9.78 1.09 0.08 1.53 0.13 0.53 0.10 0.27 0.03 0.17 0.02 108
S3 68.8 58.2 4.35 12.4 1.48 0.10 2.08 0.18 0.78 0.14 0.38 0.04 0.24 0.04 149
K� 0.01 0.04 0.002 0.02 0.01 b.d. 0.004 b.d. 0.002 b.d. 0.01 0.0002 0.01 0.001 0.11
K2 0.04 0.09 0.01 0.04 0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.002 0.24
K3 0.09 0.13 0.01 0.06 0.02 0.0004 0.01 0.001 0.01 b.d. 0.01 0.0005 0.01 0.001 0.35
L1 0.02 0.02 0.004 0.02 0.01 b.d. 0.01 0.0003 0.001 b.d. 0.004 b.d. 0.003 b.d. 0.09
L2 0.005 0.01 b.d. 0.01 b.d. 0.003 0.002 b.d. b.d. b.d. 0.005 b.d. b.d. b.d. 0.04
J1 0.45 1.08 0.12 0.44 0.10 0.003 0.09 0.02 0.10 0.02 0.07 0.01 0.06 0.01 2.57
J2 0.03 0.29 0.004 0.03 0.01 0.01 0.01 0.001 0.003 b.d. 0.01 b.d. 0.005 0.0002 0.4

Mar. 2014 - dry season
p1 (P1) 5500 12000 1400 4900 960 64.8 690 85.5 410 62.5 170 23.4 160 23.2 26400
p2 6700 14000 1700 5700 1100 72.9 790 98.0 460 71.0 200 26.0 180 25.5 31400
s1 0.005 0.01 0.002 0.01 0.002 0.002 0.004 0.001 0.002 0.001 0.003 0.0004 0.001 0.001 0.04
s3 (S1) 0.02 0.02 0.004 0.01 0.002 0.003 0.003 0.001 0.002 0.001 0.003 0.0005 0.002 0.001 0.07
s4 360 720 82.7 290 49.7 2.23 37.6 4.46 21.0 3.32 8.63 1.17 7.45 1.06 1580
s5 310 600 69.5 240 39.9 1.77 30.9 3.60 16.9 2.71 7.02 0.91 5.86 0.83 1330
s6 (S2) 89.1 100 9.39 28.0 3.04 0.14 3.10 0.29 1.26 0.22 0.54 0.06 0.32 0.05 237
d1 0.01 0.01 0.004 0.01 0.005 0.01 0.001 0.002 0.003 0.002 0.003 0.001 b.d. 0.001 0.05
d2 0.39 0.68 0.07 0.25 0.04 0.005 0.04 0.01 0.03 0.01 0.02 0.003 0.02 0.004 1.55
d3 1200 2500 300 1000 200 10.2 140 17.6 83.3 13.1 35.3 4.80 32.7 4.62 5620
j1 0.44 1.01 0.13 0.42 0.11 0.02 0.10 0.03 0.11 0.03 0.07 0.02 0.07 0.02 2.58
j2 0.30 0.85 0.08 0.29 0.07 0.01 0.06 0.01 0.07 0.02 0.05 0.01 0.04 0.01 1.88
j4 0.04 0.17 0.01 0.04 0.01 0.01 0.01 0.001 0.01 b.d. 0.01 b.d. 0.004 0.001 0.32
j5 (J2) 0.04 0.34 0.01 0.04 0.01 0.01 0.01 0.001 0.01 b.d. 0.01 b.d. 0.003 0.000 0.47
LOD 0.0004 0.0003 0.001 0.001 0.003 0.0003 0.001 0.0002 0.0003 0.0001 0.0002 0.00005 0.0002 0.0001
b.d. = below detection limit
n.a. = not analyzed
ΣREE = total rare earth elements from La to Lu.
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Supplementary Fig.S 3.1 >5 ppmː Fe˦�˜ȽĨ (P1, S2, S3, p1, p2, s4–s6, d3) �ːñɳ?Ƕ
ːÝ�Ƙãˋ<5 ppmː Fe˦�˜ȽĨ� (K1–K3, L1, L2, J1, J2, s1, s3, S1, j1, j2, j4, j5, d1, d2) 
ːñɳ?ǶːÝ�Ƙã̱̭̑ˑļÉƘãˋļ®Ƙã˦ǒʽ̱ 
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Supplementary Fig.S 3.2ʧ (a) ɹʬȶʱȱˡˤˣ Tributary Sː�Ź (s1) ː�ǟƣȽĨː SEM
=̱(b) Siʯˠ˓ Alʱȯřă?Ƕˊʫˣʸˋ˦ǒʻ˃ (a) ː EDSTŊǻŌ̱(c) ȧʔʱ˺̖̜
˵̪̫˺˫˿ ːñǬ¶ˊȰ˥ˤˉʬˣ Tributary Sː�Ź (s6) ː�ǟƣȽĨː SEM=̱(d) Fe
ʯˠ˓Êɳː Sʱȯřă?Ƕˊʫˣʸˋ˦ǒʻ˃ (c) ː EDSTŊǻŌ̱ 
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Supplementary Fig.S 3.3 åū (d3) ˋ Tributary Sː�Ź (s4–s6) ˎʯʶˣ pH (ǍȀ) ʯˠ˓ Fe
˹̪˫̋ˋȴ�øːʫˣ?Ƕ (e.g., Ca, Mg, K, Fe, Mn, Zn)̰Fe ˹̪˫̋ˋ˟˟ȴ�øː&ʬ?Ƕ 
(e.g., Al, REE, Pb, U, Th) ːg¹ƻʅtdƧ̱ȴ�øːʫˣ?Ƕˑ&ʬg¹ƻʅtdƧ̰˟˟
ȴ�øː&ʬ?Ƕˑʣʬg¹ƻʅtdƧ˦ǒʽ̱ 

 

 

 

 

 

 

 

  

1 

2 

3 

4 

5 

6 

7 

-4 

-2 

0 

2 

4 

p2 d3 s4 s5 s6 
Seepage Drain Tributary S

ΣREE U  Th  Pb  

Ca Mg K Fe 

Al Mn 

Zn pH 

C
he

m
ic

al
 re

m
ov

al
 fa

ct
or

 
= 

-lo
g(

co
nc

en
ta

rti
on

*n
or

m
al

iz
ed

 b
y 

p2
)

pH



71 
 

Ǥ4Ǣ Ni ̦̦̈˫̊ɸáˎʯʶˣ̩˩̨̞̃Ƙʊ̗̪̀˾ːƫȷ 

4.1 ȌĶ 

Ni ̦̦̈˫̊ɸáˑʰ˧ˡ˧Ð˟ȡǲÐˍˌːɊȚɵɆÐʱg¹ʟg˦yʶ̰ˁ

ːţƴƣ�ˎ Ni˟ CoʱƘʊʻ˃ʟgţƴɸáˊʫˣʩNi ̦̦̈˫̊ɸáʰˡĔēʺ

ˤˣ̦̦̈˫̊ɸˑƩ�̰�Ʋː̍̆˷̨ƭƮɳːǱ60%˦o˝̰Ʃ�ːȯˍ̍̆˷

̨,ǼƋˊʫˣʧ (USGS mineral commodity 2018)ʩ˚˃̰^Ʈƣˋʻˉ Co, Sc, PGEˍ

ˌː̩˩̨̞̃ː�w˞Ŀìʺˤˉʬˣ (e.g., Berger et al., 2011; Aiglsperger et al., 

2016)ʩ 

Ni ̦̦̈˫̊ɸáˑ̰z�ʰˡƩ�ˎʰʶˉƠÙ̬�ƠÙŪ5ːˠʭˍʎɳʱʴƆ

ĹˍƬ§�ˎʫˣ̢̰̭̍˱̩̋̍˩̰Ȯ˰̭˾̧̦̊˩̰̖̦˽̨̰˳̢̭̰̜̑̋̍˱̰

ňm˩˽˩ˊˑ̕˪̧̫̰̔˫̫̋̎˼˩̛̰̜̠̫̭ˍˌː��ˎƸɧʻˉʬˣʸˋʱ

ǈˡˤˉʬˣ (e.g., Ellis et al., 2002; Butt and Cluzel, 2013)ʩjTˎƸɧʻ˃ Ni ̦̦̈

˫̊ɸáˎˑ̰ŁʟgːŧÐ�ˎ˺̗̪̦˫̊ (Saprolite)ˋ�˒ˤˣŧÐː�šɸƣ

ˋǹȅ˦ţʽ˟˟ʟgʻ˃Ḭ̂ˁː�ɭˎ̦̦̈˫̊ (Laterite) ˞ʻʴˑ̧̟̌˫̊ 

(Limonite) ˋ�˒ˤˣɇȭȘːŧÐːǹȅ˦»Dˎ±ˆ˃ FḛAl ūɰgƣˎÄ˜

ÎʱȱˡˤˣʩLimoniteɸːɸǉɸƣˑ Feūɰgƣː˸̭˺˫̊ (goethite) ˊÝ�

NiƘãˑ 1.0-1.6 wt%ǜãˊʫˣːˎÆʻ̰Saproliteɸːɸǉɸƣˑ NiˎÄ˧˄˾

̞˵̃˫̊ (smectite) ˞ʻʴˑȡǲǉ (serpentine) ˊ̰Ni Ƙãˑļ® 2–5 wt%ˎ˚ˊ

ɧʽˣʩSaprolite Îˎˑʻ˒ʻ˒˲̭̍ˮ̦˫̊ (garnierite) ˋ�˒ˤˣʤǿȘː Ni

ˎÄ˧˄ (3–40 wt%) Śʪˍƨɰ¤ɸƣ (e.g., ̀̔˰̦˫̊ (sepiolite)̰ȡǲǉ̰Ǝ

ǉ (talc) ) ːʊ}'ʰˡăˣ NiɸǉʱƮSʽˣʩ˰̭˾̧̦̊˩ːMurrin Murrin, ̖

̦˽̨̰˳̢̭̑ː San Felipe ˊˑǮ�Îˋ�˒ˤˣ Ni ˎÄ˜˾̞˵̃˫̊ʱˍ Ni

�ľɸƣˊʫˣÎʱ SaproliteÎ�ɭˎqʴƸɧʻˉʬˣʩNi ̦̦̈˫̊ɸǉD'ːǱ

60%˦ Limoniteɸǉ̃˫̗̰Ǳ 32%˦ Saproliteɸǉ̃˫̗̰Ǳ 8%˦Ǯ�̃˫̗ʱo

˝ˣˋȱǟ˞ˡˤˉʯˢ, Limoniteɸǉ̃˫̗ʱļ®ː`}˦o˝ˣʱ̰¾ʈːĔēˊ
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ˑ Ni�ľɳʱʣʬ SaproliteɸǉʱɅƋˋʻˉɲȯˊʫˣ (Butt and Cluzel, 2013)ʩ 

ȯăTːƍȑˎˠˢ̰?ːÐǉːļ®Ǳ 70%ːɆɳƄÊʱƭʼˣʱ̰ʸː)Ư

ː˛ˊˑNiˑ 1 wt%ǜã˚ˊʻʰƘʊʻˍʬˋʺˤˉʯˢ (e.g., Brand and Butt, 2001)̰

SaproliteÎˎȱˡˤˣʣƘʊ˦ɀİˊʲˍʬʩʸˤ˚ˊːAȤǋǠˎˠˆˉ Ni ̦̦̈

˫̊ɸáːéăˑ̰ŧÐːǝʞ̰Ū5̰Ēūø̰�ḛ́̈˵̊̍̆˵̀̆̈˪̫˶̰Ŕƭ

ˍˌ̰�ªːƸɧˋ~ŚˎȬĤː�Ɇ¹ƻ̬Ƭ§ƻȯ�ːǀ�ˎˠˆˉğɮʺˤˉ

ʬˣʸˋʱİˡʰˎˍˢˇˇʫˣʱ̰Niːǚe̬Ƙʊ̗̪̀˾ˎɲȯˍ�¶ˎˇʬˉˑ

˚˄ǋǠŤʆˊʫˣ (Golightly, 1981; Freyssinet et al., 2005; Golightly, 2010; Butt and 

Cluzel, 2013)ʩ˚˃̰Ni ̦̦̈˫̊ɸáˊˑ̰Ū5˟ŧÐˎɨʬʱˍʬˎ˞ʀ˥ˡʾ̰

ɸáIˊ˞ NiːƘʊƀã˟Ƙãˎˑɨʬʱȱˡˤˣʸˋʰˡ̰ˠˢÌąƻˍȯ�ˎˠ

ˆˉ Niːǚe̬Ƙʊ̗̪̀˾ʱğɮʺˤˉʬˣ{ȍøʱʫˣʩ 

Golightly (2010) ˑɥtːʟgˎˠˆˉƩ�ːʟg̗̪̕˨˫̨ˎ�cʺˤ˃ Ni, 

Fe ːɳ˦JƩʽˣːˎôȯˍʟgÎːqʺ˦Ŭ˝̰
ȊːɿˎŢːǀʀʱȱˡˤˣ

ʸˋ˦ǒʻ˃ʩʸˤˑʟgˎˠˆˉ Ni ʱʴ�cʺˤˉʬˣʟg̗̪̕˨˫̨ˊˑ Fe

ː�cɳ˞ʬʸˋ˦ǒʻˉʬˣʩ˚˃, X Ȁ�wñǷřɠ (X-ray adsorption fine 

structure; XAFS) TŊːǻŌˠˢ̰ȧÎː FeūɰgƣˎwǅʻˉʬˣNiˑ�ǅˊˑ

ˍʴIɭˎxˢɗ˚ˤˉʬˣ`}ʱʣʬʸˋʱAȤǋǠˎʯʬˉ �ʺˤˉʬˣ (e.g., 

Dublet et al., 2012; Fan and Gerson, 2015)ʩDublet et al. (2015) ˑ LimoniteÎ�ɭˎ

ʯʶˣ NiƘãːƄÊˎˇʬˉ̰goethiteːƍȷJůŦˎˠˣJǻĸgːêʖ˦ĎĜ

ʻˉʬˣʩʸːˠʭˎ̰ʟgˎʯʶˣ Feːďeˑ Niː��ƻˍJǚe̬Ƙʊˎêʖ˦

�ʮˣɲȯˍȯ�ː�ˇˊʫˣˋȉʮˡˤˣʩ 

Fe º¼~%'ˑÐǉʟg˟�ªéăɥǜˎʯʬˉɰgɬ?võˎˠˆˉTW˦

ǒʽʸˋʰˡ (Ðǉʟg̰�ªéăˎʯʶˣ Fe~%'TWˎʀʽˣAȤǋǠˎˇʬ

ˉˑ 1.5.1uƟ)̰Ni ̦̦̈˫̊ɸáːéăˎʯʶˣ Feːďeːƫȷˎ˞ľƯˊʫˣˋ

ȉʮˡˤˣʩʻʰʻˍʱˡ̰ɊȚɵɆÐːʟg˟ Ni ̦̦̈˫̊ɸáˎʯʶˣ Fe~%'
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ˎʀʽˣǋǠ+ˑŗ˝ˉÊˍʴ̰ʺˡˎ̰Fe ʱʴ�cʺˤˉʬˣˠʭˍƬ§ˊː Fe

~%'ːďeˎˇʬˉːǋǠ+ˑ˚˄ˍʬʩFe ːǚeˎɰgɬ?võʱʀ�ʻˉ

ʬˣˍˡ˒̰Fe~%'ːTWˎ˞êʖ˦�ʮ δ56Fe6ˎvĲʺˤˣʸˋʱĿìʺˤˣʩ

˚˃̰Fe ˋ~ŚˎɊȚɵɆÐˎũɓƻʴ�˚ˤˉʯˢ̰ɰgɬ?võƬ§ː«g

ˎĢÿˎõǦʽˣ?Ƕˋʻˉ Cr ʱʫˣʩÐǉʟgˎ#ʭ Cr º¼~%'ːTWˎˇ

ʬˉˑʴːAȤǋǠʱȤ˥ˤˉʯˢ̰Cr ~%'˞˚˃̰ɰgɬ?võˎˠˆˉ®ʲ

ˍTW˦ǒʽʸˋʱǈˡˤˉʬˣ (Ðǉʟg̰�ªéăˎʯʶˣ Cr ~%'TWˎʀ

ʽˣAȤǋǠˎˇʬˉˑ 1.5.2 uƟ)ʩʻ˃ʱˆˉ̰
Ĭː~%'˦Ưʬˣʸˋˊ̰~

%'TWˎʀ�ʻ˃Ƭ§˟võˎˇʬˉˠˢȾǷˍü ʱðˡˤˣʸˋʱĿìʺˤˣʩ

ˁʸˊŃǢˊˑ̰ʣƆʎˍƠÙʎŋøŪ5ˎÍʻ̰g¹ʟgʱlɋʽˣ˫̫̋̎˼

˩ː Sulawesi Òˎʯʬˉ̰Ni ̦̦̈˫̊ɸáéăˎʯʶˣ Fe, Cr ~%'ːďeʯˠ

˓̩˩̨̞̃Ƙʊ̗̪̀˾ˎɲȯˍȯ�˦ƫȷʽˣʸˋ˦ƾƻˋʻ˃ʩ˚˃̰ŧÐ̰ʟ

gːɢȤãːɨʬˎˠˣ̩˩̨̞̃Ƙʊ˖ːêʖ˞Ɂ˗˃ʩ 

 

4.2 �Ɇ̬�éʯˠ˓Ū5Řȯ 

˫̫̋̎˼˩�ɭˎ%ȇʽˣ Sulawesi Ò (Fig. 4.1) ˑ̰̣̭̦˼˩̗̩̭̰̊¯Ý

ŵ̗̩̭̰̊˫̫̋−˰̭˾̧̦̊˩̗̩̭̊ʧ ː 3 ˇː̗̩̭̊ːwń�Ɲˊʫˢ̰Ȭʋ

ˍ�Ɇřɠ˦čˇʩȮɭʰˡňɭˎʰʶ̰West and North Sulawesi Plutono-Volcanic 

Arc̰Central Sulawesi Metamorphic Belt̰East Sulawesi Ophiolite (ESO) Belt̰Banggai-

Sula and Tukang Besi Continental Fragmentsː 4ˇːƷˍˣ�ɆřɠÙʰˡăˢ̰ʸ

ˤˡˑ®ȲŜˍřɠɐǚˋȦ�ĪÎ˦§Ʋˋʽˣ (Fig. 4.2; Kadarusman et al., 2004)ʩ

ŃǋǠːɁŎ��ˊʫˣ SoroakoɸḬ̈PomalaaɸÏʯˠ˓ UssuĮɸÏˑ ESOI

ˎ%ȇʽˣʩ 

ESO ˑƬ¯Ýŵʝƭ�ɲ˰̕˪˰̦˫̊Ùː�ɭˊʫˢ̰ƹ�ǰʰˡ�ī�ˎʰ

ʶˉƭʼ˃̗̩̭̊wńɤeˎˠˆˉéăʺˤ˃ˋȉʮˡˤˉʬˣʱ̰�ɆÞ�¹ʯˠ
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˓�ƪg¹ƻˍü ː�Ɍˎˠˢ̰ŢǐˍéăÞ�ˎˇʬˉˑƩ�˞Śʪˍȱȷʱ

ʫˣ (Hall and Wilson, 2000; Kadarusman et al., 2004)ʩ~Śˎ̰ɉƋˎˇʬˉ˞ǽ�

ƻˍȱȷˑðˡˤˉʯˡʾ̰ʸˤ˚ˊːAȤǋǠˊˑ˫̫̋-˰̭˾̧̦̊˩̗̩̭̊ː

�ɭ˦ɉƋˋʽˣɀʱľbˊʫˆ˃ʱ (Mubroto et al., 1994; Hall, 1996; Parkinson, 

1998; Hall and Wilson, 2000)̰ʸˤˡːǋǠˑ ESOːʃˡˤ˃ǩ�ˊðˡˤ˃ȽĨː

̭̉̃ː˛ˎˠˆˉǻɂˈʶˡˤˉʬˣʩ�Ḭ̆Kadarusman et al. (2004)ˊˑ̰ʸˤ˚

ˊȾǷˍǋǠʱ˘ˋ˧ˌȤ˥ˤˉʸˍʰˆ˃ East Arm̰Southeast Armː ESOˎˇʬ

ˉɁŎʻ˃ǻŌ̰¯Ýŵ̗̩̭̊ː�ɭ˦ɉƋˋʽˣ{ȍøʱʣʬʸˋ˦İˡʰˎʻ

˃ʩ 

ESOˑ East Armː Gorontalo Bayʰˡ Central Sulawesi˦ȃĪʻ̰Southeast Arm

ːAˎ%ȇʽˣ Buton̰Kabaena ÒːDɽǱ 700 km ˎʯˠ˓̰ʐʛʔǟˑ 15,000 

km2 ˎȔˢ̰˰̛̭̫˰̕˪˰̦˫̰̗̊̒˩̢̭̍˴̍˩˰̕˪˰̦˫̊ˎ�˕̰�Ʋ�

®˰̕˪˰̦˫̊ː�ˇˊʫˣ (Silver et al., 1983)ʩESO ˦řăʽˣÐǉˋʻˉˑ̰Ɋ

ȚɵɆÐʱļ˞ʴ̨̰̩̭̦̂˫̊ (lherzolite)̨̰̭̐̇̑˽̠˫̊ (harzburgite)̰

̄̌˫̊  (dunite)̰ɔÐ  (pyroxenite) ˍˌÐǉːǝʞˎˑŚøʱȱˡˤˣʩ

Sulawesi Òː˰̕˪˰̦˫̊ːʔǟːǱ 70%˦ ESO �ːʰ˧ˡ˧Ðʱo˝ˉʯˢ̰̩

̨̭̦̂˫̊ʱ̨̭̐̇̑˽̠˫̰̊̄̌˫̊˦Mʳļ˞àʴT×ʻˉʬˣʩǜãˑŚʪ

ˊʫˣʱ̰ʬʾˤːɊȚɵɆÐ˞ȡǲÐg˦�ʻ̰ƤˎĪÎ�ɖˊˑȝʻʬȡǲÐ

gʯˠ˓̛˫̪̌˫̊g˦�ʽˣʩ 

Soroako ɸÏˑm Sulawesi Ôhňː Luwu ǃ Soroako ˎ%ȇʻ (Fig. 4.2)̰PT. 

Vale Indonisia Tbk (Į PT INCO) ʱɤ�̰ĞŖ˦ȤˍˆˉʬˣʩɸiˑMatanoƈʯ

ˠ˓ TowtiƈːƈƳ�Ùˎàʱˢ̰218,529 haːà®ˍʔǟ˦ľʽˣʩʸː��ːÐ

ǀˑ̰ˎɊȚɵɆÐ̰Ǥ 4ǰŰǟÎʯˠ˓ƈâ�ǟḬ̂ƹ�ǰ�ǟÐː 3ˇʰˡ

ăˣʩɊȚɵɆÐˑˎ̨̭̐̇̑˽̠˫̊ˋ̄̌˫̊ˊʫˢ̰Ǜˎ̨̩̭̦̂˫̊˟ɔ

ÐʱȱˡˤˣʩɔÐˑ̨̭̐̇̑˽̠˫̊˟̄̌˫̊�ˎÐȐˋʻˉ¸�ʻ̰¡ąˎˠ



75 
 

ˆˉˑqʺ 1 mǜãːħˤʬÐːÐȐʱ¸�ʽˣʩɸiˑŧÐ˦řăʽˣÐǉːɨ

ʬˎˠˢ Block ˋ�˒ˤˣʬʴˇʰːi�ˎTʶˡˤˣʩMatanoƈȮÑːWest Block̰

ˁːň9ˎ%ȇʽˣ East Blockʯˠ˓Matanoƈː Petea Blockʱ�ȧƻˍ Blockˊ

ʫˣ (Fig. 4.3)ʩWest BlockˑŁȡǲÐgʰ˧ˡ˧Ð̰East Blockʯˠ˓ Petea Block

ˑȡǲÐgʰ˧ˡ˧Ð˦ŧÐˋʽˣʩƠÙʎŋøŪ5ˎÍʻ̰Ý�ŪƆˑ 24℃ˊÞ

ɿʂūɳˑ~2,700 mm ˋʣƆƉˍ��ˊʫˣ (Hope, 2001)ʩ˘ˋ˧ˌː Nï̦̦˫

̊ɸáˑ̰	˞ʻʴˑśʣː&ʬÏ (~300– ~1,000 m) ːĩʔˎűˆˉƸɧʻˉʬˣʩ 

UssuĮɸÏˑ SoroakoɸÏːȮǱ 30 kmː LuwuǃUssuˎ%ȇʽˣ (Fig. 4.2)ʩ

Soroako ��ˋ~Śˎ ESO �ːɊȚɵɆÐ˦ŧÐˋʻ̰�ɭˎ Ni ̦̦̈˫̊ɸáʱ

Ƹɧʻˉʬˣʩ2010Þ�[kʘ˚ˊ̰��!ŖˎˠˢɵːrĨˋʻˉ LimoniteʱĔē

ʺˤˉʬ˃ʩĔēíːʟgĪʔˑˁː˚˚ţʺˤˉʯˢ̰ʸˤˡːʭ˅ʬʴˇʰˑ�ɦ

ˎʔʻˉʬˣʩżĉ 3 m ˋ Soroako̰Pomalaa ˋũɓʻˉśʣʱ&ʬ��ˊʫˣʩƠÙ

ʎŋøŪ5ˎÍʻ̰Ý�ŪƆˑ 28℃ˊÞɿʂūɳˑ~2,300 mm ˋ�ː 2 ��ˋ~

ŚˎʣƆƉˍ��ˊʫˣʩ 

Pomalaa ɸÏˑmň Sulawesi Ôː Kolaka ǃ Pomalaa ˎ%ȇʻ̰PT Antam ʱɤ

�̬ĞŖ˦Ȥˍˆˉʬˣ (Fig. 4.2)ʩɸiˑ Kolaka ǃːm 30 km ːżÑűʬʯˠ˓

Namiang Ò˦�˜ 8,315 ha ˦ľʻ̰North �ḭCentral �iʯˠ˓ South �iː 3

ˇːĔēˮ̧˩ʰˡăˣ (Fig. 4.4)ʩʸː��ː�ɆˎʀʽˣAȤǋǠˑŗ˝ˉÊˍ

ʬʱ̰ESO�ːɊȚɵɆÐ̰ƤˎȡǲÐgʰ˧ˡ˧ÐʱT×ʻˉʯˢ̰àǩ�ˎƅˢ

Ni ̦̦̈˫̊ɸáʱéăʺˤˉʬˣʸˋʱǈˡˤˉʬˣʩƠÙʎŋøŪ5ˎÍʻ̰Ý�

ŪƆˑ 26℃ˊÞɿʂūɳˑ~2,000 mm ˋ Soroako ˋ~ŚˎʣƆƉˍ��ˊʫˣʩ

ʸʸˊː Ni ̦̦̈˫̊ɸáˑ̰ȁʬ˾̪̭̗ː	ːĩʔˎűˆˉéăʺˤˉʬˣʩ 

ŃǋǠˊˑŧÐ˟ʟgÎːqʺʱƷˍˣ̰SoroakoɸÏWest BlockːKonde Hill̰

Watulabu Hillʯˠ˓ Petea BlockIː 1ˇː Hill (Petea Hill ˋʻ˃)ˋ̰PomalaaɸÏ

North�iːWillson Hillʯˠ˓ UssuĮɸÏ (Ussu Hill ˋʻ˃) ː 5˺˫̊ˎʯʬˉ
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ʟgÎĪʔːȵÅʯˠ˓ȽĨĔx˦Ȥˍˆ˃ʩˍʯ̰KondḛWatulabuˑ harzburgitḛ

Petea̰Willson̰Ussuˑ�-ʣǜãˎȡǲÐgʻ˃ harzburgiteːŧÐ�ˎ Ni ̦̦̈˫

̊ʱƸɧʻˉʬˣʩ 

 

4.3 ȽĨĔxʯˠ˓TŊĆŲ 

4.3.1 ȽĨĔx 

Ni ̦̦̈˫̊ɸáˑļ�ɭˎŁʟgːŧÐˋˁː�ɭˎŧÐʱʟgʻ˃ʟgÎʱ

ǾʴʩˠʴƸɧʻ˃ Ni ̦̦̈˫̊ɸáˊˑ̰ʟgÎˑřɠːɨʬʰˡ̰˟˟ʟgʻˉʬ

ˣʱŧÐːǹȅ˦ţʽ Saprolite Ḭ̂»Dˎʟgʻǹȅʱţˆˉʬˍʬ Laterite Îˋ

Saprolite Ḭ̂Laterite Îː§Ʋ�ɘˎ�ɡǾˍȟʬʦȘː̛̫˲̫ɰgƣÎ (Mn-

oxide) ʱȱˡˤˣʩʟgÎː�Ǚˎˇʬˉˑǽ�ƻˍȲZˑˍʴ̰ǋǠȊ˟ǋǠ˶

̨̭̗ˎˠˢƷˍˣʩ+ˋʻˉ̰Saprolite Îˑřăʽˣȯɸƣ˟Ǐʺ̰Ǭ¶ː®ʲʺ̰

Șːɨʬǥʰˡ clay rich Saprolitḛsoft Saprolitḛhard Saprolitḛearthly Saprolitḛ

rocky Saprolitḛbrownish SaproliteːˠʭˎTʞʽˣ¡}˞ʫˣʩ˚˃̰LateriteÎˑ

ʴː¡}̰ăTʱ limoniteʰˡřăʺˤˣ˃˝ LimoniteÎˋ�˒ˤˣʸˋʱʴ̰Ș

˟ǹȅːɨʬˎˠˆˉ Yellow LimonitḛRed Limonitḛiron capˍˌːˠʭˎǷʰʴT

ʞʺˤˣ¡}˞ʫˣʩŃɂĦˊˑ̰ɸÏʀ0Ȋʯˠ˓Ʃ�ː�Ɇ¹ȊˎˠˣTʞˎï

ʬ̰ŁʟgːŧÐ˦ Bedrock (BR)̰ʟgÎˎˇʬˉˑ̰Saprolite Î (Sa)̰Limonite

Ḭ̂Mn-oxide Î (MO)ˎTʞʻ̰Limonite ÎˑʺˡˎȘːɨʬʰˡʥȭȘːǩ�˦

Yellow Limonite (YL)̰ɇȭȘːɭT˦ Red Limonite (RL)ˋʻ˃ʩ 

ŧÐˎˇʬˉˑ̰{ȍˍʃˢȧʔʟgːêʖʱÊˍʬˋö˥ˤˣɭT˦Ĕxʻ̰

ʟgÎˎˇʬˉˑ|Îʰˡ 1–2ȽĨ˦ƾºˋʻ̰ȧÎ˦ 30 cmǜãēˢ�ÎʰˡːÓ

Ȝˎˠˣȩˢˋö˥ˤˣɭT˦ʅʬˉ~0.3–0.5 kg ˦Ĕxʻ˃ʩˍʯ̰ļȧÎː�ªÎ

ˎˇʬˉˑȽĨĔxːÆɃ¬ˋʻ˃ʩȽĨĔxˑ 2016Þ 10Ľ 20–22ĭːĿɿˊȤ

ˍʬ̰|ȽĨːȽĨ�ˑĔxÞĽĭ-Ĕxʙ (+ʮ˒ 2016 Þ 10 Ľ 20 ĭː 1 ƶƾ
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ˎĔxʻ˃ȽĨˑ 161020-1) ˋ̧̫̫̌̑˶ʻ˃ʩŃǞˊˑǪƵgː˃˝ĔxĭĔx

ʙ (161020-1ː¡}ˑ 20-1) ˊȧȺʽˣʩ��ˎĔxȽĨˎˇʬˉHillŨˎȺʽʩ 

 

4.3.1.1 Watulabu Hill 

SoroakoɸÏWest BlockhȮːˍ˄ˡʰˍ	 (698 m) ːĩʔˎéăʺˤˉʬˣʩ

ʟgÎːqʺˑ~8 m ˋ�ː̗̪̕˨˫̨ː 1/3 ��ːqʺˊʫˣʩÏ�ː�éˎˍˆ

ˉʯˢ̰~ʼƀʺˊ˞ūÝĬ�ˎƷˍˣʟgɢãːÎʱȱˡˤ̰˾̪̭̗ːǣ˘ˌʟ

gʱɢ˧˄ÎʱʐSʻˉʬˣʩĪʔː;ĩʱʓÚˎ÷ˊɶƿĬ�ːȽĨĔxʱ�

ʍˊʫˆ˃˃˝̰ūÝĬ�ˎȽĨĔx˦Ȥˆ˃ʩļ˞ʟgʱɢ˧ˊʬˣ˾̪̭̗ːǣ

ʰˡÏ�ː�óˎ�ʰˆˉ̰ɇȭȘː Red LimoniteÎ (17.5 m: ūÝɍʌ)̰ʥȭȘ

-şȭȘː Yellow LimoniteÎ (16.1 m) ʰˡˍˣ LimoniteÎˊ�Îːqʺˑ¡ąˎ

ˠˆˉ«gʽˣʩˁʻˉŧÐːǹȅʱţˢ̰Ĥ cm~Ĥj cm ː¢ƥːŧÐʱʴȱˡ

ˤˣʥȭȘ-ƚǿȘː SaproliteÎ (6.3 m)̰ǿȘ-ĺʑȘːīʤˍʰ˧ˡ˧Ðʰˡˍˣ

Bedrock ʱǾʬˉʬˣʩLimonite Îˋ Saprolite ÎːɿˎˑʦȭȘˊȟʬĪǾƻˍ

Mn-oxide Î (0.5-11.5 m) ʱǐȿʺˤ˃ʩļȧÎɭː�ªÎˎˇʬˉˑǐȿ�ʍˊ

ʫˆ˃ʱ̰Ŕƭʱȱˡˤ˃ʸˋʰˡ̰�ªÎʱ¸�ʽˣ˞ːˋȉʮˡˤˣʩ|ÎːÎq

ˑūÝĬ�ːɍʌːũ˦?ˎɶƿĬ�ˎęǧʻ˃ʩ˾̪̭̗ːǣʰˡ Red Limonite

ȽĨ (20-1, 20-2, 20-3)̰Yellow LimoniteȽĨ (20-4)̰Mn-oxideȽĨ (20-5, 20-6)̰

SaproliteȽĨ (20-7, 20-8, 20-9-1)̰BedrockȽĨ (20-9-2) ːȸ 10ȽĨ˦Ĕxʻ˃ʩ

ʟgĪʔ̰ȽĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ˦ Fig. 4.5a,bˎǒʽʩ 

 

4.3.1.2 Konde Hill 

SoroakoɸÏWest Block�óːȁ˟ʰˍ˾̪̭̗ (645 m) ˎéăʺˤˉʬˣʩʟ

gÎːqʺˑ~27 m ˊ Limonite Î~24 m ˋTqʴƸɧʻˉʬˣʩļȧɭˑʦȭȘː

�ªÎʱȰˆˉʯˢ̰ˁː�ˎɇȭȘˊǷǬˍ Red LimoniteÎ (~7 m)̰ʥȭȘʰˡ
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şȭȘˊǷǬˍ Yellow LimoniteÎ (~14 m) ʰˡˍˣ LimoniteÎʱǾʴʩʺˡˎʥȭ

Ș-ƚǿȘˊĤ~jĤ cm ǜãː¢ƥːŧÐːţƴǬ¶ʱʴȱˡˤˣ Saprolite Î 

(~3 m)̰ʺˡˎǿȘː harzburgiteʰˡˍˣ BedrockʱǾʬˉʬˣʩŃǋǠːɁŎˎʯ

ʬˉˑ̰Mn-oxide Îˑǐȿʺˤˍʰˆ˃ʱ̰PT INCO ˎˠˣ�ɆɁŎːǻŌˠˢ̰

Limonite Îˋ Saprolite Îː§Ʋˎİǆˍ Mn-oxide Îʱ¸�ʽˣʸˋʱǈˡˤˉʬ

ˣʩȧÎʰˡ Red LimoniteȽĨ (20-10-1, 20-10-2)̰Yellow LimoniteȽĨ (20-11, 20-

12, 20-13)̰SaproliteȽĨ (20-14, 20-15)̰BedrockȽĨ (20-16, 20-17) ːȸ 9ȽĨ

˦Ĕxʻ˃ʩʟgĪʔ̰ȽĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ˦ Fig. 4.6a,b

ˎǒʽʩ 

 

4.3.1.3 Petea Hill 

SoroakoɸÏ Petea Block ː	ː� (712 m) ˎ%ȇʻ̰�°ʱ˟˟Q�ˎˍˆˉ

ʬˣʩʟgÎːqʺˑ~32 m ˊļ˞qʴ̰Watulabu˟ Konde ˠˢ˞ SaproliteÎʱqʴ

ƸɧʻˉʬˣʩļȧɭˑʦȭȘː�ªÎ (~0.6 m)ʱȰˆˉʯˢ̰ˁː�ˎɇȭȘˊ

ǷǬˍ Red LimoniteÎ (4.9 m)̰ʥȭȘ-şȭȘˊǷǬˍ Yellow LimoniteÎ (12 m)

ʰˡˍˣ Limonite ÎʱǾʴʩLimonite Î�ɭ�ˎˑʦȭȘˊǷǬˍǬ¶ʰˡˍˣȟ

ʬĪǾƻˍ Mn-oxide Î (0.5-1m) ʱȱˡˤˣʩˁʻˉʥȭȘ-ƚǿȘˊĤ~jĤ cm

ǜãː¢ƥːŧÐţƴƣʱʴȱˡˤˣ Saprolite Î (14.5 m)̰ʺˡˎĺʑȘːȡǲ

Ðgʰ˧ˡ˧Ðʰˡˍˣ BedrockʱǾʬˉʬˣʩȧÎʰˡ Red LimoniteȽĨ (20-18)̰

Yellow LimoniteȽĨ (20-19, 20-20, 20-21)̰Mn-oxideȽĨ (20-22)̰SaproliteȽĨ 

(20-23, 20-24, 20-25)̰Bedrock ȽĨ (20-26) ːȸ 9 ȽĨ˦Ĕxʻ˃ʩʟgĪʔ̰Ƚ

ĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ˦ Fig. 4.7ˎǒʽʩ 

 

4.3.1.4 Ussu Hill 

ßȀɦɎˎʔʽˣÝ�ˍ&� (3 m) ˎéăʺˤˉʬˣʩʟgÎːqʺˑ~21 mˊ
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Konde ˋ~ǜãːqʺ˦˞ˇʩļȧɭˑʦȭȘː�ªÎ (~1 m)ʱȰˆˉʯˢ̰ˁː

�ˎɇȭȘˊǷǬˍ Red Limonite Î  (5 m)̰ʥȭȘ-şȭȘˊǷǬˍ Yellow 

Limonite Î (6 m) ʰˡˍˣ Limonite ÎʱǾʴʩˁʻˉʥȭȘ-ƚǿȘˊĤ~jĤ cm

ǜãː¢ƥːŧÐţƴƣʱʴȱˡˤˣ Saprolite Î (6.5 m)̰ʺˡˎĺʑȘːȡǲ

Ðgʰ˧ˡ˧Ðʰˡˍˣ Bedrock ʱǾʬˉʬˣʩˍʯ̰Mn-oxide Îˑǐȿʺˤˍʰˆ

˃ʩȧÎʰˡ Red LimoniteȽĨ (21-1, 21-2)̰Yellow LimoniteȽĨ (21-3)̰Saprolite

ȽĨ (21-4, 21-5)̰Bedrock ȽĨ (21-6) ːȸ 6 ȽĨ˦Ĕxʻ˃ʩʟgĪʔ̰ȽĨĔ

x%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ˦ Fig. 4.8ˎǒʽʩ 

 

4.3.1.5 Willson Hill 

PomalaaɸÏ North AreaːÝ�ˍ&� (251 m) ˎéăʺˤˉʬˣʩʟgÎːqʺ

ˑ~26 mˊ Konde˟ Ussu ˋ~ǥːqʺ˦čˇʩPetea ˋ~Śˎ SaproliteÎʱ~15 m

ˋqʴƸɧʻˉʬˣʩ�ÎːÓȜˎˠˣȩˢ˦yʶˉʬˣɭTʱʴ̰ǿgˎˠˣ�ː

&ʬŔƣʱÎːąʪˎȱˡˤˣʩļȧɭˑʦȭȘː�ªÎ (~1 m) ʱȰˆˉʯˢ̰

ˁː�ˎɇȭȘˊǷǬˍ Red Limonite Î (~3 m)̰ʥȭȘ-şȭȘˊǷǬˍ Yellow 

LimoniteÎ (~4 m) ʰˡˍˣ LimoniteÎʱǾʴʩLimoniteÎ�ɭ�ˎˑʦȭȘˊǷ

ǬˍǬ¶ʰˡˍˣMn-oxideÎ (~0.5m) ʱǐȿʺˤ˃ʱ̰ȟʬÎƥˊˑˍʴ��Ɇˎ

Ɲ�ʻˉʬ˃ʩˁː�ɭˎʥȭȘ-ƚǿȘːǮ�ɆˊǷǬˍǬ¶ˋĤ cmǜãː¢ƥ

ːŧÐţƴƣʱʴȱˡˤˣ SaproliteÎ (~18.2 m)̰ʺˡˎĺʑȘːȡǲÐgʰ˧ˡ

˧ÐʰˡˍˣBedrockʱǾʬˉʬˣʩȧÎʰˡRed LimoniteȽĨ (22-1, 22-2)̰Yellow 

LimoniteȽĨ (22-3)̰SaproliteȽĨ (22-4, 22-5, 22-6, 22-7)̰BedrockȽĨ (22-8)̰

ʯˠ˓ garnieriteːɐǉȽĨ (22-9) ːȸ 9ȽĨ˦Ĕxʻ˃ʩʟgĪʔ̰ȽĨĔx%

ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ˦ Fig. 4.9ˎǒʽʩ 
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4.3.2 TŊĆŲ 

4.3.2.1 TŊȽĨƌ: 

TŊ˦Ȥʭˎʫ˃ˢ̰ȟƢȽĨʯˠ˓ǫłȽĨ˦)ȫʻ˃ʩBedrock ȽĨˋ

Limonite˟ SaproliteːˠʭˍʟgƣȽĨˊˑǏʺ˟Ơ˖ːȋøʱ®ʲʴƷˍˣ˃˝̰

ȽĨɁȫĬŲˎˑŴþʱôȯˊʫˣʩ˚ʾ̰Bedrock ːȟƢȽĨˑ̰ʟgːêʖ˦

yʶˉʬˍʬÐǉIɭ˦Ðǉ˱̭̆̃ˊʯˠˁȃ 3cm × ŝ 2cm × qʺ 1cm ːɽĬ

'ˎUˢSʻ̰~®¹ƫ¹ɭȟƢćȥ¿ˎ)ȫ˦-ʜʻ˃ʩšˎ Bedrock ːǫłȽ

Ĩˑ̰˚ʾȟƢȽĨˋ~ŚˎÐǉIɭ˦ʯˠˁȃ 5cm × ŝ 4cm × qʺ 1.5cm ː®

ʲʺˎUˢSʻ̰ȧʔːŭˤ˦˫˰̫�ęūˊŶʬŹʻ˃ʩUˢSʻ˃ȽĨ˦ɵ�ɷˊ

ǬëǱ 2-3 mmˎˍˣˠʭǭǫǌʻ̰ɵ�ɷˎˠˣŭō˦ʁʵ˃˝˔ˣʬ˦ƯʬˉǬë

1 mm��ːÐǉƢː˛˦�wʻ˃ʩ˔ˣʬTʶʻ˃ȽĨˑ̰ǫ¦˦xˢʅʴ˃˝ˎ˫

˰̫�ęū˦ƯʬˉĤ�ĆŶźʻ˃ḭ́�ƕ˛ſːƗˢʱˍʴˍˣ˚ˊ˫˰̫�ęū

ˊ 10 TɿːɊʕųŶź˦Ȇˢəʻ˃ʩʺˡˎȽĨ˖ːľŠƣːƁC˦ʁʵ˃˝ˎ˩

̫̀̊ (ȽȠƤǵ; ʀňg¹ŏæ"Ǔ) ˦Ưʬˉ 10 TɿːɊʕųŶź˦ 3 �Ȥˆ

˃ʩɊʕųŶźíːȽĨˑ̰̦̋̊̕IˊÚƆ�ơʺʿ˃ʩ�ơíːȽĨˑ̞̏ˬȫː

ǫǌµ'ˋ 50 ml ːçg̗̦˾̅̆˵Á�˦Ưʬˉ̨̰̪̜̆̋ (̨̛̭̅̓˿˼̤̆˱

̭®PG2000̰º��Œŏæ"Ǔ) ˎˠˢ 3,000 rpmˊ 180ǖɿːǫǌ˦Ȥʬ̰˔ˣʬ

Tʶ˦Ȥʬ 75μm��ːǫł˦�wʻǫłȽĨˋʻ˃ʩ 

ʟgƣȽĨːȟƢȽĨ)ȫˊˑ̰³˝ˎȽĨ˦ 40℃ːúƆƛˊ 24 ĳɿ�ơʺ

ʿˣʩˁːí̫̐̋̔̆˵ˎˠˢŀːŐ˟�ǳƣ˦{ȍˍʃˢxˢʅʴʩSaprolite ȽĨ

ˑ 2–3 cm ®ː¢̰Limonite ȽĨˑ˾̢̦̒̅ˊ�ǥˎˍˣˠʭˎʰʲƁˀĤj g ˦

Txʻ˃˞ː˦ȟƢȽĨˋʻ̰BedrockȽĨˋ~Śˎƫ¹ɭȟƢćȥ¿ˎ)ȫ˦-ʜ

ʻ˃ʩSaproliteȽḬ̃LimoniteȽĨˑʓÚˎȏʬ˃˝̰ˮ̚˳˼ŞȎ˦ƯʬˉŞȎ�

˝ʻ˃íˎôȯˍ®ʲʺˎUĪʻǋǑ˦Ȥˆ˃ʩ˚˃̰ǋǑːʈˎū˟ˮ̨̭̃̏ˍ

ˌːūT˟̰̄˫̡̟̫̘̭̋˾̊ˍˌː�ʬǋǑ\˦*ƯʽˣˋɏˡʰʬǮ�ɸƣ
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ˍˌʱȑȜʻ˃ˢȧʔˎRQʱˊʲˉʻˉʻ˚ʭùˤʱʫˣ˃˝̰ǋǑˎˑū˟̄˫˩

̟̫̘̭̋˾̊˦*Ưʻˍʬ�æŲ˦ĔƯʻ˃ʩǫłȽĨˑ̰�ơíːȽĨ˦�Ɇg

ʽˣ˃˝̰ǪıƻˍĬŲˎˠˢȄT˦Ȥˆ˃ʩ˚ʾ̰�ơʻ˃ȽĨ˦ƃƑˍǴː�°

�ɘˎȜˋʽʩǬëʱ®ʲʴɲʬ˞ːʰˡAˎȜ˅ˣːˊ̰Ȝˋʻ³˝ʰˡǸ˥ˢˎï

ʬǬëːÉʺʬǬ¶ʱ�˕ːˊʸˤ˦ɳʱkTʾˇˎˍˣˠʭˎ�ǥˎTʶˣʩTʶ

˃ʭ˅ːƢĬ˦~ʼȯʚˊʺˡˎTʶ̰ȽĨːɲɳʱ~100 g ˎˍˣ˚ˊʸː)Ŗ˦Ȇ

ˢəʻ˃ʩǬëʱ 5 mm��ːǬ¶˦�˜¡}ˑ̣̍̒̆˵ˎǚʻ̰2–3 mmˎˍˣˠ

ʭ̛̫̭̐˦ƯʬˉȨː�ʰˡǍǌʻ˃ʩǍǌʻ˃ȽĨ 50 g ˦̨̪̜̆̋˦Ưʬˉ

3,000 rpm ˊ 60 ǖɿːǫǌ˦ȤʬǫłȽĨˋʻ˃ʩº��Œŏæ"Ǔˎˠˣ~Ȫȇ

˦Ưʬ˃ʞ$̦̦̈˫̊ȽĨːǫǌʯˠ˓ǬëT×Ƈ¼ǻŌˠˢ̰~Ņ ˊːǫǌː

¡}̰ȽĨː 95%��ʱ 75 μm��ːǬëˎǫǌʺˤˣʸˋʱǐȿʺˤˉʬˣ˃˝̰

ʟgƣȽĨˎˇʬˉˑ˔ˣʬTʶ˦ǂƵʻ˃ʩ 

 

4.3.2.2 BedrockȽĨːūTɳƇ¼ 

ʰ˧ˡ˧ÐːȡǲÐgɢȤã˦Ŭ˝ˣĬŲː�ˇˋʻˉ̰cƠˎˠˣȡǲǉːř

ɠūːȑūƄɳƇ¼Ųʱʫˢ̰ʰ˧ˡ˧Ðʱ»DˎȡǲÐgʻ˃¡}̰ļ®ˊ 13 

wt%ːūT˦�˜ (Kyser et al., 1999)ʩ®˚ʰˍȡǲÐgɢȤã˦Ŭ˝ˣ˃˝̰��

ːĆʙˎˠˢ BedrockȽĨːūTɳƇ¼˦Ȥˆ˃ʩ 

˩̨̜̌ːˣˇ˙ˋˁː�ˊǱ 1 g ːǫłȽĨ˦ǘɳʻ˃6˦ˁˤ˂ˤȺɻʽˣʩ

ȽĨȧʔˎ�ǅʻ˃�ǅū˦ʅtʽˣ˃˝̨̛̰̆̕ƛˊ 110℃̰2 ĳɿcƠʻ̉˼

˷̭̭̃IˊġƠʻ˃íˎˣˇ˙ˋȽĨːɲɳ˦Ƈ¼ʻȺɻʽˣʩˁːíJã̛̆̕

̨ƛˊ 850℃̰5 ĳɿcƠʻ̉˼˷̭̭̃IˊġƠʻ˃íˎˣˇ˙ˋȽĨːɲɳ˦Ƈ

¼ʻȺɻʽˣʩ��ːæˠˢūTɳ˦ȸǧʻ˃ʩ 

ūTɳ	(%) =
&''(℃ −&+,(℃

&''(℃ −&-./01.

× 100 (4 − 1) 
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ʸʸˊ̰WbeforeˑcƠ[ːˣˇ˙ˋȽĨːɲɳ (g)̰W110℃ˑ 110℃cƠíːˣˇ˙ˋ

ȽĨːɲɳ (g)̰W850℃ˑ 850℃cƠíːˣˇ˙ˋȽĨːɲɳ (g) ˊʫˣʩ 

 

4.3.2.3 DÐg¹ǹăTŊ 

~®¹ƫ¹ɭąľːˮ̨̎˴̭Tģ�ȢB X ȀTŊȪȇ (WDS-XRF; MagiX 

PRO, PANalytical) ˦ƯʬˉȯăT (SiO2, TiO2, Al2O3, Fe2O3, MnO, CaO, Na2O, 

K2O, P2O5) ʯˠ˓�ɭːñɳăT (Sc, V, Cr, Co, Ni, Cu, Zn) ː�ľɳƇ¼˦Ȥˆ

˃ʩƇ¼˦Ȥʭˎʫ˃ˢ̰1:10 Øɱː˲̦˾̭̓̋˦)ȫʻ˃ʩ�[ƌ:ˋʻˉ̰ȽĨ˦

1000℃ˊ 12ĳɿcƠʻ̰ūTʯˠ˓ĚƸăT˦ʅtʻ˃ʩcƠíːȽĨ˦ 0.4 g̰ȣ

\ˋʻˉ�̙ˬɰ̧̅ˬ̝˦ 4 g˦ǘxˢ̰̞̏ˬ�ɷˊɁ}ʻ˃ḭ́]ʌ\ˋʻˉ̥ˬg

̧̅ˬ̝˦ÉȠʺʼ 1ŇTCˤ̰ļʣƆã 1200℃ˊ}ȸ 8TɿcƠƍȣʺʿ̰˲̦˾

̭̓̋˦)ȫʻ˃ʩśƌȽĨˎˇʬˉˑ~®¹ƫ¹ɭąľː JP-1, JR-1, JR-2, JR-3, 

JA-2, JA-3, JB-1a, JB-1b, JB-2, JB-3˦*Ưʻ˃ʩŕSʃƲ6ˑƇ¼ʹˋˊƷˍˣʱ̰

SiO2ˊ 152 ppm, TiO2ˊ 18 ppm, Al2O3ˊ 58 ppm, Fe2O3ˊ 5 ppm, MnOˊ 9 ppm, 

CaOˊ 19 ppm, Na2Oˊ 38 ppm, K2Oˊ 17 ppm, P2O5ˊ 4 ppm, Scˊ 5 ppm, Vˊ 4 

ppm, Crˊ 3 ppm, Coˊ 5 ppm, Niˊ 4 ppm, Cuˊ 3 ppm, Znˊ 2 ppmǜãˊʫˆ

˃ʩ 

ˁː�ːñɳ?Ƕʯˠ˓ɵ̰˵̪̝~%'ũTŊȽĨˎˇʬˉˑ̰ǫłȽĨ˦ʣ

Ɔʣ�TȷŲˎˉDƍȷʻ˃ (Ǥ 2 Ǣ 2.2.4.1 uƟ)ʩDƍȷȽĨˑƇ¼ÆɃ?Ƕ

Ƙãˎõʼˉ 1000-500004ːǩ�ˊØɱʻ̰ICP-AES (ICPE 9000, Òŷȫ)ą) ʯ

ˠ˓ ICP-MS (iCap Qc, Thermo Scientific) ˎˠˢƇ¼ʻ˃ʩˍʯ̰Iɭśƌˎˑ

101Ru, 103Rh, 115In, 193Ir ˦Ưʬ˃ʩAu, Pt, Pd ƘãTŊˑ Actlabs Ǔ (Ontario, 

Canada) ˎTŊ˦´ȹʻ˃ʩfire-assayŲˎˠˢ Au, Pt, Pd˦�wʻɰˎƍȷʺʿ˃Ƚ

Ĩƍſ˦ ICP-MSˎˠˢTŊʽˣ (Code: 1C-Rearch-Fire Assay-Au, Pd, Pt-ICP-MS)ʩ

Ussu HillȽĨ (22-1ʰˡ 22-6)̰garnieriteȽĨ (22-9) ˦ʅʲDˉːȽĨˎˇʬˉT
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Ŋ˦Ȥˆ˃ʩTŊˎˑ 60 gːǫłȽĨ˦Ưʬ˃ʩfire-assayŲːȾǷˍĆʙˋʻˉˑ̰

˚ʾ̰30 g ːȽĨ˦ȣ\ːƁ}ƣ (̙ˬǊ̰Ɯɰ̧̌̊ˬ̝ƞū�ƣ̰˼̧˱̰�ɰg

ɶ) ˋƁ}ʻ̰đʊ\ˋʻˉAg˦Ƃcʻ˃˞ː˦Ǯ�ˣˇ˙ˎCˤƙˎʰʶˣʩ850℃

ˊ�:cƠ̰950℃ː�ɿcƠ˦ȤʬļǸƻˎ 1060℃˚ˊcƠʽˣʩʸːƍȣɥǜ

˦ 60TɿȤʭʩˁːḭ́ˣˇ˙˦ƛʰˡxˢSʻƍȣƣ˦ɺ�ˎŹʻɗ˜ʩʸʸˊðˡ

ˤˣ Au, Ag, Pt, Pd˦�˜ɶː¢˦�:cƠʺˤ˃ƚ�ƛƼ�ˊ 950℃ˊƠʽˣˋɶ

ʱɰgɶˋʻˉƚ�Ƽˎ�ǅʺˤ Ag, Au, Pt, Pdː}ɴʱðˡˤˣʩʸː}ɴ˦ 90℃

ˎƠʻ˃ HNO3+HClˊƍȷʻ̰2ĳɿLpʻ˃ḭ́ɪ½Øɱʻ ICP-MS (Sciex ELAN 

6000 or 6100 or 9000, Perkin Elmer) ˎˠˢ Au, Pt, PdƘã˦Ƈ¼ʽˣʩFȧʺˤˉʬ

ˣŕSʃƲ6ˑ Auˊ 1 ppb, Ptˊ 0.1 ppb, Pdˊ 0.1 ppbˊʫˣʩ 

 

4.3.2.4 ɿʇūː pHƇ¼ 

50 ml ɩůǨˎʟgƣːǫłȽĨ 10 g ˦ǘɳʻ̰˫˰̫�ęū 25 g ˦cʮ 150 

rpm ˊ 2 ĳɿĐƽʻ˃ḭ́ 3,000 rpm ˊ 30 TɩóTʌʻ�ƕ˛ſː pH ˦Ƈ¼ʻ

˃ʩ�ſũːŮ¼ˎˑ Fu et al. (2014) ˦uȉˎʻ˃ʩ 

 

4.3.2.5 ɸƣ~¼ 

Ðǉ̰ɸƣːǹȅȵÅ̰~¼ː˃˝)ȫʻ˃ȟƢ˦Ưʬˉ7Bʝñɼ (BX60, 

OLUMPUS) ʯˠ˓ɈŎ�ʏ¶ʝñɼ (SEM) ˎˠˣȵÅˋˮ̨̎˴̭Tģ�TB

� (EDS) ˎˠˣ¼ø̬k¼ɳTŊ˦Ȥˆ˃ (JSM-6510LA, JEOL)ʩ7BʝñɼːB

Ƌˎˑ̪̐˸̫̦̫̗ (12V100WHAL-L, PHILIPS) ˦Ưʬ˃ʩSEM-EDS TŊːʈ

ˑ̰ȽĨː̠̭̅˽˩̗̆˦ʁʵ˃˝�[ˎ˺̫̣̭ʏ¶ŏæ"Ǔȫ Quick Carbon 

Coater SC-701C˦Ưʬˉ 7-8�ːƜǶȞǅ˦Ȥˆ˃ʩ 

˚˃̰ȯˍǻĸøɸƣː~¼ʯˠ˓k¼ɳː˃˝ǫł X Ȁ�Ĉ (XRD; RINT 

2000 X ray, Rigaku) ŲˎˠˢǫłȽĨ˦TŊʻ˃ʩTŊˎˑ��ːĆʙˊ)ȫʻ˃
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�¼Ĭ%ȽĨ˦Ưʬ˃ʩǫłȽĨ˦̞̏ˬ�ɷ˦Ưʬˉ̰ĎAˊĜ˧˄ʈˎǬ¶ː

¸�ʱǐȿʺˤˍʬǜã˚ˊʽˢˇ˕ʻȽĮ̙̭̃̄ˎ@¥ʻ�¼Ĭ%ȽĨ˦)ȫ

ʻ˃ʩˍʯ̨̰̙̭̄ˎˑ˩̨̜ȫȽĮ̙̭̃̄˦*Ưʻ˃ʩƇ¼Ņ ˑ̰Cu Ǩƪ̰

ʏ� 40 kV̰ʏŹ 30 mA̰Ƹģ˾̧̆̊ 1/2 deg̰ģ�˾̧̆̊ ɾġ̰yB˾̧̆̊ ɾġ̰

Ƈ¼ĬŲʧ ɡǾ̰˾˳̠̫˾̗̈̆ 0.02°̰˾˳̠̫˾̭̔̋ 2.0°/min̰ɈŎɑ 2θ/θ̰

ɈŎǩ� 5–70°ˊ̰CÈ9ˎˑ˶̦̕˨˫̊ǻĸː̟̏˵̪̞̭̃˦*Ưʻ˃ʩɸƣǀ

ː~¼ʯˠ˓k¼ɳˎˑɸƣǀ~¼́̊̕ˬ˭˩ (Match!3, Crystal Impact) ˦Ưʬ˃ʩ 

Ǯ�ɸƣː~¼ˎˑ��ːĆʙˊ)ȫʻ˃¼Ĭ%ȽĨ˦)ȫʻ̰ǫł X Ȁ�Ĉ

TŊ (XRD; RINT 2000 X ray, Rigaku) ˦Ȥˆ˃ʩ˚ʾ̰Ǯ�ɸƣ˦ĊSʽˣ˃˝ˎ

ǫłȽĨǱ 2 g ˦ 50 mlɩůǨˎCˤ̰50 mlːȀ˚ˊȞƴū˦cʮ˃ḭ́10Tɿ

ɊʕųTģ˦Ȥʭʩʸˤ˦ 1,000 rpm̰ˊ 3.5TɿɩóTʌʻǬëʱ 2 μm��Ǭ¶˦

ůʂʺʿˣʩǾʬˉ�ƕ˛˦ī˃ˍ 50 mlɩůǨˎǚʻ̰ʸˤ˦ 3,000 rpmˊ 40Tɿ

ɩóTʌ˦Ȥʬ̰Ǭëʱ 0.2 μm��ːǬ¶˦ůʂʺʿˣʩʸʭʻˉðˡˤ˃�ƕ˛ˎ

ˑļǸƻˎǬëʱ 0.2–2 μm ːǮ�Ǭ¶ʱ¸�ʻˉʬˣˋȉʮˡˤˣʩʸˤ˦LNä

Iˊ�:Nǻʺʿ˃íˎNǻ�ơʺʿǮ�ĊSȽĨˋʻ˃ʩǮ�ĊSȽĨ˦̞̏ˬ�

ɷˊɒʴʽˢƔʻOʊ'˦ȷǌʻ˃˞ː˦ 10 mgǘɳʻ̰2.5 mlː̛˫˵̢̪̭̖̅ˎ

Cˤ 200 μlːȞƴū˦cʮ˃ḭ́10TɿɊʕųTģ˦ȤʬĂƗſ˦)ȫʽˣʩ̘̔

̆̊˦ƯʬˉĂƗſ˦˲̦˾ŉˎ£×ʻÚƆˊ�Ĵ�ơʺʿ¼Ĭ%ȽĨ˦)ȫʻ˃ʩ

ȒƓøǮ�ɸƣː~¼ˎˑ̰¼Ĭ%ȽĨ˦ˮ̩̫̅˶̧˹̨̭ȞŪ�ˎ 17 ĳɿʒ

ȇ̮EG Pƫ̯ʻ˃íƿ˅ˎTŊ˦Ȥˆ˃ʩƇ¼Ņ ˑ̰ʬʾˤ˞ Cu Ǩƪ̰ʏ� 30 

kV̰ʏŹ 20 mA̰Ƹģ˾̧̆̊ 1/2 deg̰ģ�˾̧̆̊ 1/2 deg̰yB˾̧̆̊ 0.15 mm̰

Ƈ¼ĬŲ FT̰˾˳̠̫˾̗̈̆ 0.02°̰0Ĥĳɿ 1.0̰ɈŎɑ 2θ/θ̰ɈŎǩ� 2-

40°ˋʻ˃ʩ 
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4.3.2.6 ɸƣg¹ǹăTŊ 

~®¹Õ¹ǋǠʄ̛̬̌̏˫˵̧̛̪̈˩̨TŊǋǠ¿ąľː̕˪̨̭̋ˮ̜̆˼̤

̫ʏ¶̛̗̪̭̖˵̪˩̦̌˫˻̭ (FE-EPMA; JXA-8530F, JEOL) ˦Ưʬˉ Petea 

Hill ʯˠ˓Willson Hillː BedrockȽĨ (20-26, 22-8)̰SaproliteȽĨ (20-24, 22-6) 

ːɸƣg¹ǹăː¼ɳTŊ˦Ȥˆ˃ʩƇ¼ˑcɟʏ� 15keV̰ƟÈʏŹ 1.0E-8A̰

ˊƝTŊ˦Ȥˆ˃ʩƇ¼?ǶˑMg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni, Znˊʫˢ̰ʽ˗

ˉː?Ƕˊ JEOL ȫśƌȽĨ˦Ưʬ˃ʩTBǻĸˑˁˤ˂ˤ̰Na̬Al̬Si ˑ TAP̰

Ca̬Si̬Kˑ LIFH̰ Ti̬Cr̬Mn̬Fe̬Niˑ PETH˦Ưʬ˃ʩJEOL JXA-8530Fˊˑ 4ˇ

ː̨̠̫̮̅̎ŕS�̯ˎ| 2 ǝʞːTBǻĸʱˇʬˉʯˢ̰1 ãːTŊˊļ® 4 ˇ

ː?ǶːTŊ˦ȤʭʸˋʱˊʲˣʩCH1 ˊ Ca̬Ti̬Cr̬Mn̰CH2 ˊ Na̬Al̬SḭCH4 ˊ

Si̬K̬Fe̬Ni˦TŊʻ˃ʩŕSʃƲˑƇ¼ʹˋˊƷˍˣʱ̰ʯˠˁ Siˊ 300 ppm, Tiˊ

350 (ppm), Alˊ 250 ppm, Crˊ 300 ppm, Feˊ 400 ppm, Mnˊ 300 ppm, Mgˊ 250 

ppm, Naˊ 420 ppm̰Niˊ 500 ppm, Caˊ 130 ppm, Kˊ 100 ppmˊʫˆ˃ʩSEM-

EDS TŊĳˋ~Śˎ̰ȽĨː̠̭̅˽˩̗̆˦ʁʵ˃˝ 4.3.2.5 ˎǒʻ˃Ćʙˎïʬ

�[ˎƜǶȞǅ˦Ȥˆ˃ʩsmectiteʯˠ˓ serpentineːřɠæˑƹūķʉ (1988) ˦

uȉˎ��ːĆʙˊŬ˝˃ʩ(1) Si4+˦Dˉ�ʔ'˺˫̊ˎ`ˢèˉˣʩ (2) Al3+˦�

ʔ'˺˫̊ːoľƧʱ 4 ˎˍˣ˚ˊ`ˢèˉ̰ɥ_TˑEʔ'˺˫̊ˎ`ˢèˉˣʩ 

(3) Vƭˋö˥ˤˣ serpentine�¬ˑ Fe ˦ Fe3+ˋ�¼ʻˉ�ʔ'˺˫̊ʱ 4 ˎˍˣ˚

ˊ`ˢèˉ̰ˁˤ�ʂˑEʔ'˺˫̊ˎ`ˢèˉˣʩ (4) Mg2+̰Ni2+˦Eʔ'˺˫̊ˎ

`ˢèˉ̰ (5) Ca2+̰Na+̰K+˦Îɿ˺˫̊ˎ`ˢèˉˣʩ 

 

4.3.2.7 Fe~%'TŊ 

MC-ICP-MS (NEPTUNE Plus, Thermo Scientific) ˦ƯʬˉDƍȷȽĨː Fe~%

'TŊ˦Ȥʬ Fe ~%'ǹă˦Ŭ˝˃ʩ[Pƫʯˠ˓TŊĬŲˎˇʬˉˑǤ 2 Ǣˎ

ïˆ˃ʩKonde Hillː 20-16, Willson Hillː 22-9˦ʅʴDˉːȽĨˎˇʬˉTŊ˦Ȥ
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ˆ˃ʩ 

 

4.3.2.8 Cr~%'TŊ 

TIMS (TRITON, Thermo Scientific) ˦ƯʬˉDƍȷȽĨː Cr~%'TŊ˦Ȥʬ

Cr º¼~%'ǹă˦Ŭ˝˃ʩ[Pƫʯˠ˓TŊĬŲˎˇʬˉˑǤ 2 Ǣˎïˆ˃ʩ

Konde Hillː 20-10-1, 20-11, 20-13, 20-25, Petea Hillː 20-23, Willson Hillː 22-5, 

22-7, 22-9, Ussu Hillː 21-1ʰˡ 21-6˦ʅʴDˉːȽĨˎˇʬˉTŊ˦Ȥˆ˃ʩ 

 

4.3.2.9 DľŠƜǶƘã (TOC) TŊ 

ʟgƣȽĨːDľŠƜǶƘã (TOC) TŊˊˑ̰ƞŠƜǶ˦ʅtʻ˃íˎDƜ

ǶƘã˦Ƈ¼ʻ̰ðˡˤ˃6ˑľŠƜǶˎưņʽˣˋʻˉ?ːȽĨ�ˎ�˚ˤˣ

TOC Ƙã˦Ŭ˝˃ʩ˚ʾ̰[Pƫˋʻˉ̰��ːĆʙˎˠˢƜɰ¤ˍˌˎưņʽˣƞ

ŠƜǶːʅt˦ƾƻˋʻ˃ɰPƫ˦Ȥˆ˃ʩ̃̕˦¬ʻ˃ 50 ml ɩůǨːɲʺ˦Ƈ¼

ʻȺɻʻ˃ḭ́ǫłȽĨ 300 mg ˦ɩůǨIˊǘɳʻȺɻʽˣʩHCl (ľÀɴÍƇ¼

Ư, ʀňg¹ŏæ"Ǔ) ˦ 6 MˎØɱʻ̰25 ml˦ɩůǨˎcʮ˃ʩ�ʰˡ˲˾ʱƐ

ˤˣˠʭˎɩůǨː̃̕˦˥ʾʰˎȁ˝̰�ƿˎǡˉ˃ƥĀˊȽĨːſʔʱˬ˯̭̃

̭̑˾ːūʔ��ˎˍˣˠʭˎ̀̆̊ʻ̰70℃ˊ 12 ĳɿcƠĐƽ˦Ȥˆ˃ʩɩůǨ˦

ˬ˯̭̭̃̑˾ʰˡxˢSʻÚƆˎĄʻ˃ḭ̲́Ńʾˇ˺̦̫̦̗̆ˎf˛ 3,000 rpm

ˊ 15 TɿɩóTʌʻ˃ʩ̘̔̆̊˦ƯʬˉǬ¶˦�ʬɗ˚ˍʬˠʭŴþʻˍʱˡ�ƕ

˛˦ʅtʻ˃ḭ́˫˰̫�ęū 25 ml˦cʮˠʴĝċʻJãɩóTʌ˦Ȥˆ˃ʩʸː)

Ŗˑ pH ȽʢǴ˦�ƕ˛ˎŽʻ˃ʈˎ�ø˦ǒʽˠʭˎˍˣ˚ˊȆˢəʻ˃ʩ�ƕ˛

˦xˢʅʬ˃ɰPƫȽĨˑNǻ�ơˎˉ 2 ĭɿ���ơʺʿ˃ḭ́ɩůǨʹˋɲʺ

˦Ƈ¼ʻȺɻʻ˃ʩðˡˤ˃ȽĨˑňh®¹ƫ¹ɭ�ƪǕ¹ǯ�¹ÇĠɅƋ̬Ƭ§

�ƪg¹ǋǠ¿ąľːɒ?ǶTŊȪȇ (Elemental Analyzer; FLASH2000, Thermo 

Scientific) ˎˠˢľŠƜǶ�ľɳ˦Ƈ¼ʻ˃ʩƇ¼ʹˋˎ*Ưʻ˃ȽĨɳˑƷˍˣʱ̰
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Ǳ 10 mg ˦*Ưʻ˃ʩɰPƫ[ːȽĨ�ːDľŠƜǶƘã (TOC) ˑ��ːˠʭˎ

ȸǧʻ˃ʩ 

678 =
89.:

&9.:
× ; × 100	(%) (4 − 2) 

ʸʸˊ̰Cmes ˑľŠƜǶ�ľɳƇ¼˦Ȥˆ˃ȽĨ�ˎ�˚ˤˣDľŠƜǶɳ 

(mg), Wmes ˑľŠƜǶ�ľɳƇ¼˦Ȥˆ˃ȽĨɳ (mg), x ˑɰPƫ[íˊːȽĨ

ɲɳː¨Ƅ`}˦ǒʻˉʬˣʩ 

 

4.4 ǻŌ 

4.4.1 BedrockːūTɳ 

|Hillː BedrockȽĨːūTɳƇ¼ːǻŌ˦ Fig. 4.10ˎǒʽʩWatulabu Hill (20-

9-2), Konde Hill (20-16, 20-17) ː BedrockːūTɳˑ 1.19 wt%, 1.10 wt%, 0.71 wt%

ˋʬʾˤ˞&ʬ6˦ǒʻ̰˘˙ȡǲÐgʻˉʬˍʬīʤˍʰ˧ˡ˧Ðˊʫˆ˃ʩ�Ḭ̆

Petea Hill (20-26), Ussu Hill (21-6), Willson Hill (22-8) ː BedrockːūTɳˑ 10.5 

wt%, 9.07 wt%, 11.9 wt%ˋ~ǜãːȡǲÐg˦ǒʻ̰ʣãˎȡǲÐgʻ˃ʰ˧ˡ˧Ð

ˊʫˣʩ»DˎȡǲÐgʱɢȤʻ˃ĳːūTɳ˦~13 wt%ˋʽˣˋ (Kyser et al., 

1999)̰BedrockȽĨːȡǲÐgːǜãˑWillson (92%) > Petea (81%) > Ussu (70%) 

>> Watulabu (9%) > Konde (5%) ˊʫˆ˃ʩ 

 

4.4.2 DÐg¹ǹă 

ȯ?Ƕǹăʧ (SiO2, MgO, Al2O3, Cr2O3, Fe2O3) ʯˠ˓ñɳ?Ƕʧ (MnO, CoO, Nḭ

Sc, ΣREE (Laʰˡ Lu), Pt+Pd) Ƙã˦ Table 4.1ˎ̰| HillˎʯʶˣʸˤˡːƀãĬ

�ˎʯʶˣƘãT×˦ Fig. 4.11–15ˎǒʽʩ 

Bedrock ȽĨˊˑ Si ˋ Mg ʱğɮƻˍăTˊʫˣʱ (38.8–43.8 wt% SiO2, 35.2–

44.4 wt% MgO)̰ʸˤˡːƘãˑ Saprolite ÎˊîʪˎƄÊʻ Limonite Îˊˑȝʻʴ
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ƄÊʽˣ;�˦ǒʻ˃ʩļȧÎȽĨˊˑ̰SiO2, MgO ˑˁˤ˂ˤ 1.60–4.11 wt%̰

0.47–0.82 wt%˚ˊƄÊʽˣʩMgˑDˉːHillˎʯʬˉƄÊʽˣ;�ʱȱˡˤ˃ʱ̰

Siˑ Konde Hill, Ussu Hill, Willson Hillː SaproliteÎˊˑƘãʱ¨cʽˣ;�ʱȱ

ˡˤ˃ʩʸː;�ˑƤˎ Konde Hillˊʝȝˊʫˢ̰SiƘãˑ 52.2–70.5 wt%ˎ˞ɧʽ

ˣʩŧÐː^ăTˋʻˉˑ Al (0.51–0.92 wt% Al2O3), Fe (8.00–8.77 wt% Fe2O3), Cr 

(0.35–0.45 wt% Cr2O3) ʱ�˚ˤˉʯˢ̰ʸˤˡˑ Si, Mg ˋˑɜˎȧÎˎ�ʰˆˉȝʻ

ʴ¨cʽˣ;�˦ǒʻ̰ļȧÎȽĨˊˑ Al2O3, Fe2O3, Cr2O3 ˑˁˤ˂ˤ 3.83–10.3 

wt%, 64.6–76.0 wt%, 2.64–3.45 wt%ˋ̰ŧÐː SiO2, MgOˎ�˥ˢğɮƻˍăTˊʫ

ˣʩ (Fig. 4.11a–15a)ʩ 

NiƘãˑ Bedrock�ˊ 0.22–0.24 wt%ˋȽĨɿˊ®ʲˍɨʬˑȱˡˤˍʰˆ˃ʩʸ

ːƘãǩ�ˑ ESO ˊȱˡˤˣʰ˧ˡ˧Ðʯˠ˓ȡǲÐː Ni Ƙãˋ~ǜãˊʫˣ 

(Kadarusman et al., 2004)ʩNi ƘãˑDˉː Hill ˎʯʬˉʟgÎˊ®ʲʴ¨cʻ̰ļ

ȧÎˊˑƄÊʽˣʞ$ʻ˃;�ʱȱˡˤ˃ʱ̰Ƙʊɭˑ Hill ˎˠˆˉƷˍˣʩ

Watulabu Hill, Konde Hill, Ussu Hillˊˑ̰NiƘʊɭˑ LimoniteÎˎȱˡˤ, ˁːƘ

ãˑˁˤ˂ˤ 2.44 wt%,  2.14 wt%,  2.11 wt%ˊʫˆ˃ (Fig. 4.11b, Fig. 4.12b, Fig. 

4.14b)ʩ�Ḭ̆ Petea Hill, Willson Hillˊˑ SaproliteÎˎʯʬˉʣʬƘʊʱȿ˝ˡˤ̰

ˁːƘãˑ 3.66 wt%̰2.97 wt%ˊʫˆ˃ʧ (Fig. 4.13b, Fig. 4.15b)ʩ| HillːƘʊɭˊ

ː NiƘãˑ̰Petea Hill > Willson Hill > Watulabu Hill > Konde Hill > Ussu Hillːʙ

ˎ®ʲʬʩ˚˃̰| Hillˎʯʶˣ LimoniteÎː NiÝ�ƘãˑWatulabu Hillˊ 1.55 

wt%, Konde Hillˊ 1.62 wt%, Petea Hillˊ 1.93 wt%, Ussu Hillˊ 1.77 wt%, Willson 

Hillˊ 2.18 wt%ˊʫˢ̰ƘãÖˑ 0.63 wt%˘ˌˊʫˆ˃ʩ�Ĭˊ̰SaproliteÎˎʯʶ

ˣ NiÝ�ƘãˑWatulabu Hillˊ 1.92 wt%, Konde Hillˊ 0.48 wt%, Petea Hillˊ

2.89 wt%,  Ussu Hillˊ 1.63 wt%,  Willson Hill (22-5˦ʅʴ) ˊ 2.06 wt%ˊʫˢ̰ļ

® 2.41 wt%ːÖʱȱˡˤ˃ʩ GarnieriteȽĨː 22-9ː NiƘãˑ 3.76 wt%ˋDˉː

ȽĨˎʯʬˉļ˞ʣʬ6˦ǒʻ˃ʱ̰Garnierite ȽĨˋʻˉˑ&ʬ6˦ǒʻ˃ʩ
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Garnierite ɸǉˑ Ni ˦ʣƘãˎ�˜Ǯ�ɸƣˋ Ni Ƙãʱŗ˝ˉ&ʬ˼̧˱ːƁ}

ƣˊʫˢ��Ɇøʱʣʴ̰22-9 ˎˑ˼̧˱ăT˞ʴ�˚ˤˉʬ˃˃˝ (SiO2=47.1 

wt%)̰NiƘãʱʣʴˍʰˆ˃{ȍøʱʣʬʩ 

Mnˑ̰BedrockȽĨˊ 0.10–0.13 wt% (MnO) �˚ˤˉʯˢ̰ȽĨɿˊːɨʬˑ˘

˙ȱˡˤˍʬʱ̰ʟgÎːƘãˎˑ®ʲˍÖʱȱˡˤ˃ʩƤˎ Watulabu Hill, Petea 

Hill ˊˑ Mn-oxideÎˎʯʬˉ 22.9–28.7 wt%, 7.43%ˋʝȝˍƘʊʱȱˡˤ˃ (Fig. 

4.11c, Fig. 4.13c)ʩMn-oxide Îʱǐȿʺˤˍʰˆ˃ Konde Hill, Willson Hill ˊˑ̰

Yellow Limonite Îˎʯʬˉ 1.51–2.51 wt% (Fig. 4.12c, Fig. 4.15c)̰Ussu Hill ˊˑ

SaproliteÎ�ɭˊ 1.25 wt%ːñƘʊʱǐȿʺˤ˃ (Fig. 4.14c)ʩ˚˃̰ Mn-oxideÎ

ʯˠ˓ MnñƘʊɭ˦ʅʴʴːȽĨˊˑ<1 wt%ˊʫˢ̰Mn ːƘʊˑÌąƻˊʫˆ

˃ʩCoˑ BedrockȽĨˊ 0.013–0.015 wt% (CoO) ǜã�˚ˤˉʯˢ̰ȽĨɿˊ®ʲ

ˍɨʬˑȱˡˤˍʰˆ˃ʱ̰Mn ˋ~ŚˎʟgÎːƘãˎˑ®ʲˍÖʱȱˡˤ˃ʩCo

ˑDˉː̗̪̕˨˫̨ˎʯʬˉ Mn ˋŗ˝ˉʞ$ʻ˃ďe˦ǒʻ̰Mn-oxide Îʯˠ˓

MnñƘʊɭˊÌąƻˍƘʊ˦ǒʻ˃ʩƘãˑWatulabu Hill, Petea HillːMn-oxide

Îˊˁˤ˂ˤ 0.62–1.20 wt%, 0.74 wt%˦ǒʻ (Fig. 4.11c, Fig. 4.13c)̰Konde Hill, 

Ussu Hill, Willson HillːñƘʊɭˊˑ 0.19–0.27 wt%ˊʫˆ˃ (Fig. 4.12c, Fig. 4.14c, 

Fig. 4.15c)ʩʸˤˑMnːǱ 1/10ˊʫˢ̰ʸːũˑWatulabu HillːMn-oxideÎȽĨ 

(20-5, 20-6) ˦ʅʲʬʾˤːȽĨˎʯʬˉ˞˘˙~ǜãˊʫˆ˃ʩ 

ScƘãˑ BedrockȽĨˊ 3.09–14.9 ppm ˋÛʱȱˡˤ̰Ca˟ AlƘãʱʣʬ˘ˌ

ScƘãʱʣʬ;�ʱȱˡˤ˃ʩʟgÎˊˑ Al, Cr, Fe ˋ~ŚˎȧÎˎ�ʰʬƘãʱ

¨cʻ̰LimoniteÎˊ 24.2–80.7 ppm ˦ǒʻ˃ʩƘʊãˑǱĤ4ˋ̰ʟgÎˎʯʬˉ

Ƙʊʱȱˡˤ˃�?ǶˋũɓʻˉÉʺʰˆ˃ (Fig. 4.11d, Fig. 4.12d, Fig. 4.13d, Fig. 

4.14d, Fig. 4.15d)ʩΣREE Ƙãˑ Bedrock ȽĨˊ 0.11–0.23 ppm ˋ&Ƙãˊʫˣʱ̰

Mn, Co ˋ~Śˎ Mn ƘʊÎˎʯʬˉ 11.4–139 ppm ˋʝȝˍƘʊʱȱˡˤ˃ (Fig. 

4.11d, Fig. 4.12d, Fig. 4.13d, Fig. 4.14d, Fig. 4.15d)ʩʸˤˑ BedrockȽĨːƘãːǱ
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1000 4ˎǀèʽˣʩPt+Pd Ƙãˑ Bedrock �ˊ 5–37 ppb ˋŗ&Ƙãˊʫˢ̰ Sc ː

ˠʭˎȧÎˎ�ʰʬ¨cʻ̰Konde Hill, Petea HillˊˑMnƘʊÎˎʯʬˉƘãʱʣ

ʴˍˣ;�˞ȱˡˤ˃ʩLimonite Îˎʯʶˣ Pt+Pd Ƙãˑ 61.2–186 ppb ˊʫˢ̰Sc ˋ

~ŚˎƘʊãˑǱĤ4ˋũɓƻÉʺʰˆ˃ (Fig. 4.11d–15d)ʩ 

 

4.4.3 ɿʇūː pH 

ɿʇūː pHːƇ¼ǻŌ˦ Table 4.1ˎ, pHːƀã̗̪̕˨˫̨˦ Fig. 4.10f–12f, 

13e, 14f ˎǒʽʩDȽĨːɿʇūː pH ˑ 5.19–8.94 ːǩ�Iː6˦ǒʻ̰Limonite

Îˊ˟˟&ʴ (5.19–6.50)̰Saprolite Îˊ˟˟ʣʴˍˣ (6.04–8.94) ˋʬʭ;�ʱDˉ

ː HillˎGɞʻˉȱˡˤ˃ʩ 

 

4.4.4 ȯɸƣǹă 

ȟƢː7BʝñɼKǄ˦ Fig. 4.16 ˎ̰SEM =ʯˠ˓ EDS TŊǻŌ˦ Fig. 4.17

ˎ̰XRḒ̫̒̃˦ Supplementraty Fig.S 4.1 ˎˁˤ˂ˤǒʽʩ˚˃̰XRḒ̫̒̃

ʰˡŬ˝˃ɸƣǹăːk¼ɳ6˦˞ˋˎ̰30%Ɋɥ˦ abundant ɸƣ, 10%�� 30%

��˦ majorɸƣ̰10%ŁƊ˦ minorɸƣˎTʞʻ˃| Hillːɸƣǹăːƀã̗̪

̕˨˫̨˦ Fig. 4.11f–15fˎǒʽʩ 

 

4.4.4.1 Watulabu Hill̰Konde Hill ːɸƣǹă 

XRD ̭̫̒̃ʯˠ˓7BʝñɼȵÅːǻŌˑ̰Watulabu Hill ʯˠ˓ Konde Hill

ːŧÐʱˎ olivinḛorthopyroxene ˋÊɳː clinopyroxenḛchromite ˊřăʺˤˉ

ʬˣʸˋ˦ǒʻ˃ (Fig. 4.16a-g)ʩolivineːǬëˑĤƺ μmǜãʰˡj μm��ˋÛʱ

ȱˡˤ̰ǭǬˍ olivine ːȂɖˎǷǬˍǬ¶ʱ¸�ʽˣʸˋ̰˚˃̰ʰ˧ˡ˧ǉʱųe

žB˦ǒʽʸˋʰˡ�ǌ)Ư˦yʶ˃ʸˋʱǒ�ʺˤˣ (Fig. 4.16b, d)ʩ 

Watulabu Hillː SaproliteÎˑ serpentine, olivine, orthopyroxene, quartzʱğɮƻ
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ˊʫˢ̰minor ˞ʻʴˑ majorɸƣˋʻˉ goethite ˋ chromite˦�˧ˊʬ˃ʩKonde Hill

ː Bedrock ȽĨˑ~Śˍȯɸƣǹăˊʫˣʱ̰Saprolite Îːȯřăɸƣˑ

quartz ˊʫˢ̰minor ˞ʻʴˑ major ɸƣˋʻˉ pyroxene, olivine ˦�˧ˊʬ˃ʩ

LimoniteÎˋSaproliteÎː§Ʋːɫǚʚ�ˊʫˣMn-oxideÎˑˎ quartz, goethite

ˋ Co�ľ Mnūɰgƣˊʫˣ lithiophorite/asbolaneʯˠ˓ minorɸƣˋʻˉ talc ˦

�˧ˊʬ˃ʩWatulabu Hillʯˠ˓ Konde Hillː LimoniteÎːɸƣǹăˑũɓƻn

ǳˊʫˢ̰ȯɸƣˋʻˉ goethitḛminor ˞ʻʴˑȯɸƣˋʻˉ talc̰minorɸƣˋʻ

ˉ hematite ʰˡřăʺˤˉʬ˃ʩhematite ˑƤˎȧÎˎɘʬȽĨˎȇʬˉ˟˟ʣʬ

¸�ũ˦ǒʻ˃ (Fig. 4.11f, Fig. 4.12f)ʩ 

 

4.4.4.2 Petea Hill, Ussu Hill̰Willson Hillːɸƣǹă 

Petea Hill ʯˠ˓ Willson Hill ː Bedrock ȽĨˑˎ serpentine, olivinḛ

orthopyroxene ˋÊɳː clinopyroxenḛchromite, magnetite, Ni-Fe sulfideˊřăʺˤ

ˉʬ˃ʩSerpentineˑ olivine, pyroxeneǬ¶�ɖ˞ʻʴˑaɾ˦`ˣˠʭˎ̞̆˼̢ƥˎ

ƭăʻˉʯˢ (Fig. 4.16h, n)̰magnetite ˑ̞̆˼̢IɭˎʦȘːñǷˍǬ¶ˋʻˉǐ

ȿʺˤ˃ (Fig. 4.16j, o)ʩ˚˃̰�¼éː�ɝİɸƣˊvÈB�ˊȟʬʥȘ˦�ʻ

pentlandite ˋö˥ˤˣ Ni-Fe sulfides ʱǛˎȱˡˤ˃ (Fig. 4.16k, p)ʩUssu Hill ː

BedrockȽĨˑˍřăɸƣˊʫˣ serpentine, olivine, orthopyroxeneˎcʮ̰major

ɸƣˋʻˉ hornblendḛminorɸƣˋʻˉ chlrolite˦�˜Ɲˊ Petea Hill, Willson Hill

ˋƷˍˆ˃ (Fig. 4.14f)ʩ 

Petea Hill ː Saprolite Îˑȯɸƣˋʻˉ serpentine, smectite, orthopyroxene, 

goethite ˋ minorɸƣˋʻˉ quartz, chromite/maghemite ˦�˛̰ƀãˎˠˣ®ʲˍɨ

ʬˑȱˡˤˍʰˆ˃ʩWillson Hill ː Saprolite Îˑ Petea Hill ˋ~Śˎ serpentine, 

smectite, pyroxene, goethite, quartzʰˡăˣʱ̰goethiteˑļ�ɭˎː˛ȱˡˤ˃ʩ˚

˃̰�ɭː Saprolite Îˎˑ minor ɸƣˋʻˉ olivine ˋ chlorite ʱ�˚ˤˉʬ˃ʩ
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SaproliteÎ�ɭː 20-5ˎˑ�ɭːȽĨˠˢ˞çʬ serpentineː̭̔˵ʱȱˡˤ˃ʱ̰

ʸˤˑ Willson Hill ːʟgÎː§ƲˑʓÚˎ��Ɇˊʫˢ̰ȽĨĔxːʈˎʟgã

ː&ʬȽĨ˦Ĕxʻ˃˃˝ˊʫˣˋȉʮˡˤˣʩUssu Hillː SaproliteÎˑȯɸƣˋ

ʻˉ hornblende, serpentine, chlorite, orthopyroxene, olivine, minorɸƣˋʻˉ talc˦�

˧ˊʬ˃ʩLimonite Îˑˌː Hill ˎʯʬˉ˞~Śˎ̰ȯɸƣˋʻˉ goethitḛminor

ɸƣˋʻˉ talc˟ chromite/maghemitḛǛˎ quartz̰gibbsite˦�˧ˊʬ˃ʩ˚˃̰Mn-

oxideÎ˟ɫǚÎˊˑ lithiophorite/asbolaneʱǐȿʺˤ˃ʩ 

 

4.4.5 ɸƣg¹ǹă 

EPMA ˎˠˣɸƣg¹ǹăTŊːǻŌ˦ Supplementary TableS 4.1 ˎǒʽʩ

BedrockȽĨ (20-26, 22-8) ː�šɸƣˊʫˣ olivineˑ pyroxene˟ serpentine ˠˢ

˞ʣʬ MgO̰FeO (Ý� 40.7–48.2 wt%, Ý� 8.02–9.10 wt%) �ľɳ˦ǒʻ˃ʩ�

Ḭ̆pyroxene, serpentineˑ SiO2, Al2O3ː�ľɳʱʣʬ (Ý� 40.1–56.1 wt%, Ý�

0.25–3.40 wt%)ʩNiO�ľɳˑ olivineˊÝ� 0.36 wt%̰ortyopyroxeneˊÝ� 0.07–

0.13 wt%, clinopyroxeneˊÝ� 0.06 wt%, serpentineˊÝ� 0.09–0.17 wt%ˊʫˢ̰

Petea Hill ˋWillson Hillˊˑ�šɸƣːȯ?Ƕ (SiO2, MgO, Fe2O3, Al2O3) ʯˠ

˓ NiO�ľɳˎ®ʲˍɨʬˑȱˡˤˍʰˆ˃ʩ 

�Ḭ̆SaproliteÎȽĨ (20-24, 22-6) ˊˑ serpentineːḬBedrockȽĨˎȱˡˤ

˃�šɸƣː serpentine ˋ~Śˍǹă˦čˇ˞ːˋ̰MgO�ľɳʱ&ʴ (Ý�. 28.9–

29.2 wt%), Fe2O3, NiO�ľɳʱʣʬ (Ý� 11.8–12.7%, Ý� 3.09–5.69 wt%)̰İˡ

ʰˎ�šɸƣː serpentine ˋƷˍˣ serpentine ʱǐȿʺˤ˃ʩ/½�̰Vƭː

serpentineːg¹ǹă˦˞ˇ˞ː˦ Ser-I, Ni ˦ʴ�˜ serpentine ˦ Ser-II ˋʻ˃ʩ˚

˃̰ʣʬ NiO�ľɳ (Ý� 3.20–4.55 wt%) ˋ Fe2O3�ľɳʧ (15.9–14.5 wt%) ˦ǒ

ʻ̰&ʬMgO�ľɳ (18.5–19.5%) ːǹă˦čˇ smectiteʱǐȿʺˤ˃ʩ 
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4.4.6 Fe~%'ũ 

| Hillː Bedrockʯˠ˓ʟgƣȽĨː Fe~%'ũTŊːǻŌ˦ Supplementary 

TableS 4.2ˎ̰δ56Fe6ːƀã̗̪̕˨˫̨˦ Fig. 4.10d–14dˎǒʽʩBedrockː δ56Fe

6ˑ-0.02–+0.05‰ˊ̰AȤǋǠˊ �ʺˤˉʬˣ�Ʋːʰ˧ˡ˧Ðː δ56Fe6ˋʯʯ

˜ˏ�ȕʻ˃ʩʟgƣȽĨː δ56Fe 6ˑDˉːȽĨ˦ɞʻˉ-0.11–0.17‰ˋʃ¼ƻˍ

6˦ǒʻ˃ʩPetea Hill ː Limonite Ḭ̂Saprolite ÎȽĨˑ Bedrock ː δ56Fe 6 (-

0.02‰) ˋũɓʻˉ̰Limonite Îˊˑ<ʰˎɒʬ δ56Fe 6  (Ý� . -0.08‰) ˦̰

SaproliteÎˊˑ<ʰˎɲʬ δ56Fe6 (Ý�. +0.03‰)˦ǒʽ;�ʱȱˡˤ˃ʩWillson 

Hill ːʟgƣȽĨˎʯʬˉ˞~Śˍ;�ʱȱˡˤ˃ʱ̰Bedrock ȽĨʰˡːTWː

ǜãˑ Petea Hill ˋũɓʻˉÉʺʰˆ˃ʩ�Ḭ̆Konde Hill ː Limonite Ḭ̂Saprolite

ÎȽĨː δ56Fe 6 (Ý�. +0.04‰, Ý�. +0.05‰) ˑ Bedrock ȽĨː δ56Fe 6 

(+0.04‰) ˋʓÚˎɘʴ̰Bedrock ȽĨˋũɓʻˉ˘˙TW˦ǒʺˍʰˆ˃ʩWatulabu 

Hillː LimoniteÎˑ 20-3ː+0.17‰˦̰SaproliteÎ 20-7ː-0.11‰̰20-8ː 0.08‰ˋ

ɲʬ δ56Fe6˟ɒʬ δ56Fe6ʱȱˡˤ˃ʱ̰ˁː�ːȽĨˑ BedrockȽĨː δ56Fe6

ˋľþˍÖˑȱˡˤˍʰˆ˃ʩUssu Hill ˑ Limonite Îʰˡ Saprolite Îˎʰʶˉ

+0.01–+0.07‰ˋ δ56Fe6ʱɲʴˍˣ;�ʱȱˡˤ˃ʩ 

 

4.4.7 Cr~%'ũ 

| Hillː Bedrockʯˠ˓ʟgƣȽĨː Cr~%'ũTŊːǻŌ˦ Supplementary 

TableS 4.4ˎ̰δ53Cr6ːƀã̗̪̕˨˫̨˦ Fig. 4.10e–12e, 14eˎǒʽʩ BedrockȽ

Ĩː δ53Cr6ˑ-0.13– -0.08‰ˊ̰AȤǋǠˊ �ʺˤˉʬˣ chromite˟�ťː δ53Cr

6 (-0.082±0.065‰, -0.124±0.101‰, Schoenberg et al., 2008; Farkas et al., 2013) ˋŘ

ˏ�ȕʻ˃ʩ�Ḭ̆ʟgƣȽĨː δ53Cr 6ˑ-0.44–+0.22‰ˋÛʱȱˡˤ̰Bedrock Ƚ

Ĩː6ˋũɓʻˉľþˍTW˦ǒʻ˃ʩļ˞®ʲˍTW˦ǒʻ˃ːˑ̰Willson Hill ː

Saprolite ÎȽĨ 22-4 (-0.44‰) ˋ̰~ʼʴ Willson Hill ː Red Limonite ȽĨ 22-2 
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(+0.22‰) ˊʫˆ˃ʩSaproliteÎȽĨˑWillson Hillː 22-4˦ʅʲ̰δ53Cr6ˑ-0.08– 

-0.03‰ˋȽĨɿːÖ˟̰BedrockȽĨˋːɨʬʱ˘˙ȱˡˤˍʰˆ˃ʱ̰LimoniteÎ

ȽĨː δ53Cr 6ˑ-0.41–+0.22‰ˋÛʱȱˡˤ˃ʩ˚˃̰Watulabu Hill ˦ʅʲ̰ļȧÎ

ː Red LimoniteȽĨˊ δ53Cr6ʱɒʴˍˣ (-0.41–-0.32‰) ;�ʱȱˡˤ˃ʩ 

 

4.4.8 TOCƘã 

ʟgƣȽĨː TOCƘãTŊːǻŌ˦ Table 4.1ˎǒʽʩTOCƘãˑʟgƣȽĨ

ˊ 0.07–1.05%ˋÛʱȱˡˤ̰ļ®Ƙãˑ Petea Hillː SaproliteÎȽĨ (20-23) ˊ̰

ļ&Ƙãˑ Konde Hill ː Yellow Limonite ÎȽĨ (20-12) ˊȱˡˤ˃ʩTOC Ƙã

ːƀãĬ�ː«gˑ̰ȧÎ (0.15–0.23%) ʰˡ LimoniteÎ�ɭ (0.10–0.20%) ˎ�

ʰʬ˥ʾʰˎƄÊʽˣ�Ḭ̆Saprolite Îˊˑ®ʲʴ¨cʽˣ;�ʱȱˡˤ˃ (0.32–

1.05%)ʩMn-oxideÎː TOCƘãˑ Petea Hillˊˑ LimoniteÎ�ɭːȽĨˋ~ǜã

ˊʫˢ (0.15%)̰Watulabu Hillˊˑ 0.08–0.36 ˋÛʱȱˡˤ˃ʩ 

 

4.5 ȉÅ 

4.5.1 |̗̪̕˨˫̨ˎʯʶˣg¹ʟg)Ư 

4.5.1.1 Watulabu Hill 

ȯg¹ǹăːƀã̗̪̕˨˫̨ˠˢ̰ʟgˎ#ʭȯ?ǶƘãː«gˑNï̦̦

˫̊ɸáˊȱˡˤˣH�ƻˍƤò˦ǒʻ˃ʩŧÐ�ˊğɮƻˍ?Ƕˊʫˣ Si, Mgˑʟ

gˎˠˆˉȝʻʴƄÊʽˣ�Ĭˊ̰ŧÐˎ^ăTˋʻˉ�˚ˤˉʬ˃ Al, Fe, Crˑ®ʲ

ʴ¨cʽˣ;�ʱȱˡˤ̰ˁː«gˑ̰Mg �ɡǾÎˋ�˒ˤˣ Mg Ƙãʱ÷ƖˎƄ

Êʽˣ SaproliteÎˋ LimoniteÎ�ɭ (Mn-oxideÎ) ː§Ʋ�ɘˊʝȝˊʫˣ (Fig. 

4.10a)ʩʸːg¹ǹăː«gː;�ˑ̰Soroako ɸÏʯˠ˓�ːʴːɸáˎGɞʻ

ˉʯˢ̰Ēūøʱʣʬ��ˎʯʬˉ̰ˠʴƸɧʻ˃ Ni ̦̦̈˫̊ɸáˎH�ƻˍƤò

ˊʫˣ (e.g., Golightly, 1981; Gleeson et al., 2004; Sufriadin et al., 2011; Fu et al., 2014; 
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Aiglsperger et al., 2016)ʩ 

ʸːȯăTː«gˑ̰ˎʟgˎˠˣŧÐ�ː�šɸƣːƍȷˋ̰�šɸƣː

ƭăˎˠˆˉɀİʽˣʸˋʱˊʲˣʩŧÐːȯɸƣˊʫˣ olivine˟ pyroxene ˋʬˆ

˃ Mg, Si ˎÄ˜ƨɰ¤ɸƣˑȧÎƬ§ˊˑ�º¼ˍ˃˝̰ʟgˎˠˆˉƄÊʽˣ

�Ĭˊ̰Fe ūɰgƣː goethite ʱ¨cʽˣŚ¶ʱȱˡˤ̰ʸˤˑg¹ǹăː«gˋ

˞ĥ}ƻˊʫˣ (Fig. 10a, f)ʩ�Ȗƻˎˑ̰olivineˑ ferrihydrite, goethieˍˌːɵū

ɰgƣ˖̰pyroxene ˑ smectite ˖«Ɇʻ (Colin et al., 1990)̰ʺˡˎʟgʱɢ˜ˋ

smectite ˞cūTȷʺˤļǸƻˎɵūɰgƣ˖«Ɇʽˣˋȉʮˡˤˉʬˣ (Nahon 

and Colin 1982)ʩȯg¹ǹăː«gˑ̰ʸːˠʭˎMg˟ Siʱǯʰˡʅtʺˤˣ�

Ĭˊ Feʱƴ˚ˣvõɥǜ˦vĲʻˉʬˣˋȉʮˡˤˣʩ 

Watulabu Hill ˊˑ̰olivine ˟ pyroxene ː«Ɇˎˠˆˉ̰smectite ˄ʶˊˑˍʴ

serpentineʱ¨cʽˣʸˋʱ XRDTŊːǻŌʰˡǒʺˤ˃ʩʸˤˡˑŧÐȽĨˎˑ˘

ˋ˧ˌ�˚ˤˉʬˍʬʸˋʰˡ̰
ɸƣˋ˞ʟgˎˠˢ olivine ʰ pyroxene ˞ʻʴˑˁː


Ĭʰˡ�šƻˎƭăʻ˃ˋȉʮˡˤˣʩʺˡˎ̰20-8 ˊˑ�šɸƣˊʫˣ olivine ˋ

pyroxene ʱ 20-9-1 ˠˢ˞ʴţ¸ʻˉʬˣʸˋʰˡ̰ʟgːǜãˑ 20-8 ːĬʱɢ˧ˊ

ʬˣˋȉʮˡˤˣʩ20-8 ˊˑ̰pyroxene ˠˢ olivine ʱƄÊʻˉʯˢ̰serpentine ˠˢ˞

smectite ʱʴƭăʻˉʬˣʸˋʰˡ̰ʟgVĿˊˑ olivine ʱ smectite ˎ«Ɇʻ˃{

ȍøʱʣʬʩ�ɚːˠʭˎ̰smectite ˑ�Ȗƻˎ pyroxene ʰˡƭăʽˣˋȉʮˡˤˉ

ʬˣʱ̰olivine ˟ serpentine ʰˡ˞ƭăʽˣʸˋʱAȤǋǠʰˡǒ�ʺˤˉʬˣ 

(Nahon et al., 1982)ʩ20-9-1ˊˑ olivine ˞ pyroxene ˞˘˙«Ɇʻˉʯˢ̰smectite ˠˢ

˞ serpentineʱlɋʻˉʬˣʸˋʰˡ̰ʟgʱɢ˜ˋ serpeneineːƭăʱğɮƻˎˍˣ

ˋȉʮˡˤˣʩʺˡˎʟgʱɢ˧˄ 20-7 ˊˑ serpentine ʱƄÊʻ goethite ˋ quartz ʱ

lɋʽˣʸˋʰˡ̰ʸˤˡˑ olivine˟ pyroxeneːƿĖƻˍ«Ɇˠˢ˞ smectite˞ʻʴˑ

serpentine ː«Ɇˎˠˢƭăʻ˃ʰ̰�Îʰˡǚeʻˉʲ˃ƨɰ˫˰̫ʱůŦʻ˃ˋȉ

ʮˡˤˣʩ 
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ʸˤˑ Si, Mgʱ Al, Feˠˢ˞ǚeøːʣʬ?Ƕˊʫˣˋʬʭʸˋ˦ǒʻˉʯˢ̰ʸːˠ

ʭˍ?Ƕːǚeãˎǅƾʻ˃g¹ʟgːĎśː�ˇˋʻˉ̰  Chemical Index of 

Alteration (CIA; Nesbitt and Young, 1982) ʱďʷˡˤˣʱ̰ʰ˧ˡ˧Ð˟ȡǲÐːˠ

ʭˍɊȚɵɆÐˊˑ̰ǚe?Ƕˋʻˉˑ Si, Mg ʱğɮƻˊʫˢ̰Ca, Na, K ˍˌˑƞ

ȳˊʲˣǜãːƘãʻʰ�˚ˤˉʬˍʬ˃˝ȉāʽˣôȯʱˍʬʩ˚˃̰ɊȚɵɆÐ

ˊˑ Al ˎcʮˉ�Ȗƻˎ Fe ˞ţƴăTˊʫˣˋȉʮˡˤˣʩʸˤˡːƤø˦ȉāʻ

˃g¹ʟgãːĎśˎ Ultramafic Index of Alteration (UMIA) ʱʫˢ̰��ːæˊ¼

Ȉʺˤˣ (Aiglsperger et al., 2016)ʩ 

=>?@	(%) =
A@BC7D + FGC7D(H)I

(JK7C + +@BC7D + FGC7D)
× 100 (4 − 3) 

ȸǧǻŌ˦ Table 4.1ˎ̰ʗƝˎ Al2O3+Fe2O3, SiO2, MgOăT̰ȃɑˎ UMIA˦

̗̪̆̊ʻ˃ AF-S-M ̧̭̭̃̌̄˫˩˶̦̝˦ Fig. 4.18 ˎǒʽʩWatulabu Hill ː

UMIAˑ BedrockȽĨˊ 3%ˋ&ʬ6˦ǒʻ̰SaproliteȽĨˊˑ 5–25%̰LimoniteȽ

Ḭ̃Mn-oxideȽĨˊˑ 36–90%ˋȧÎˎ�ʰʬʣʬ6˦ǒʻ˃ʩʸːˠʭˍʟgˎˋ˞

ˍʭȯăTː«gˋ UMIA ː¨cː;�ˑ̰AȤǋǠˊ �ʺˤˉʬˣɊȚɵɆ

Ðːʟgˊȱˡˤˣ;�ˋȗʴ�ȕʻˉʬˣ (Aiglsperger et al., 2016)ʩ 

ʻʰʻˍʱˡ̰Konde Hill˟ Petea Hill̰Ussu Hillː Yellow LimoniteȽĨː UMIA

ˑ 74–91%ˊʫˣːˎÆʻ̰Watulabu Hill ː Yellow Limonite ȽĨ (20-4) ˑ 47%ˋ

&ʬ6˦ǒʻ˃ʸˋʰˡ (Table 4.1)̰Watulabu Hillˑ�ː Hill ˋũɓʻˉʟgãʱ&

ʬˋȉʮˡˤˣʩ˚˃̰Ðǉːʟgˊˑ̰�Ȗƻˎʟgʱɢ˛ʟgãʱʣʴˍˣ˘ˌ

ʟgÎʱƸɧʽˣ˃˝̰ʟgÎːqʺˎˠˆˉǀÆƻˍʟgã˦ǈˣʸˋʱˊʲˣʩʸ

ˤˑȯřăɸƣ̰Ƥˎƨɰ¤ɸƣːƍȷɟãˎêʖ˦yʶˣ˃˝̰ŧÐʱƷˍˣ

¡}ˑ~Śˎũɓʽˣʸˋˑ�ʍˊʫˣʱ̰ŧÐʱ~ʼ harzburgiteˊʫˣ Konde Hill

ˋũɓʻ˃¡}̰Konde HillːʟgÎˑ~27 m ˋqʬːˎÆʻ̰Watulabu Hillˑ~8 m

ˋȟʴ (Fig. 4.19)̰ʟgãː®ʲʺˑ Konde Hill > Watulabu Hill ˊʫˣˋėƇʺˤ̰
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UMIAː;�ˋ˞ĥ}ƻˊʫˣʩ 

NiƘãˑ̗̪̕˨˫̨˦ɞʻˉŧÐˠˢ˞¨c˦ǒʻ̰LimoniteÎˊļ® 2.44 wt%̰

SaproliteÎˊļ® 2.19 wt%ˋ̰ʟgˎˠˆˉŧÐ (0.24 wt%) ːǱ 104ːƘʊʱȱ

ˡˤ˃ (Table 4.1, Fig. 4.10b)ʩŧÐ�ˊˎ olivine�ˎ�˚ˤˉʬˣ Niˑ Saprolite

Îˊˑʟgˎˠˆˉƭăʻ˃ serpentine ˋ smectite �ˎˎxˢɗ˚ˤˣˋȉʮˡˤ

ˣʩʺˡˎʟgʱɢ˧˄ LimoniteÎˊˑ̰ʸˤˡːɸƣˑ goethite˟ quartzˎ«Ɇʽ

ˣʱ̰quartz ˎˑ Niˑ˘ˋ˧ˌ�˚ˤˍʬ˃˝ goethite ˎxˢɗ˚ˤ̰�ɭˑ�Î˖

ɤ˒ˤˣʩļ�ɭˊ Ni ƘãʱƄÊʽˣːˑ̰Ni ː̙˾̊ɸƣˊʫˆ˃ goethite ː�

ɭʱ̰ˠˢǻĸøʱʣʬ hematite ˎǀ«gʻ˃˃˝ˊʫˣˋȉʮˡˤˣ (Fig. 4.10f)ʩ

LimoniteÎ�ɭˎʯʬˉ goethiteʱƍȷJůŦˎˠˢ hematiteˎǀ«gʽˣʸˋˑ̰

Ni ̦̦̈˫̊ɸáˊˑ�Ȗƻˎȱˡˤˣvõˊʫˢ̰ʸˤˎˠˢ NiƘãʱƄÊʽˣʸˋ

ʱǈˡˤˉʬˣ  (e.g., Dublet et al., 2015)ʩ�Ĭˊ̰Mn-oxide Îː asbolane ˟

lithiophorite˞Ni˦ļ®ˊjĤ%ǜã�˜ʸˋʱǈˡˤˉʬˣʱʧ (Roque-Rosell et al., 

2010)̰Niˎ�ʻʬ quartzˎˠˆˉØɱʺˤ˃˃˝̰Mn-oxideÎː̨̑˵ːƘãʱƄ

Êʻ˃ˋȉʮˡˤˣʩ 

CoƘãːƀã̗̪̕˨˫̨ˑ̰�ŃƻˎMnˋɯ$ʻˉʯˢ̰Mn-oxideÎˎʯʬˉ

1.20 wt% (CoO) ˋŧÐːǱ 1004ˎɧʽˣÌąƻˍƘʊʱȱˡˤˣ�Ĭˊ̰ˁː�

ːÎˊˑ 0.1 wt%��ˋ˘˙ƘʊʱȱˡˤˍʬʩWatulabu HillːMn-oxideÎˊȱˡ

ˤ˃ Co Ƙãʯˠ˓ Mn ƘãˑD Hill �ˊļ˞ʣʴ̰AȤǋǠˊ �ʺˤˉʬˣ6 

(0.8 wt% Co) ˋũɓʻˉ˞ʣʬ (Manceau et al., 1987; Roque-Rosell et al., 2010)ʩCo

ˑŧÐ�ˊˑ Co2+ˋʻˉ̰ˎ olivine ˞ʻʴˑ serpentine ˎ�˚ˤˉʬˣʱ̰ʟgˎ

ˠˆˉ Co3+˟ Co4+ˎɰgʺˤˣˋ asbolane˟ lithiophorite ˋʬˆ˃Mnūɰgƣˎx

ˢɗ˚ˤˣ (e.g., Dublet et al., 2017)ʩʸˤˡˑ pHʱʣʬƬ§ˎʯʬˉůŦéăʱ1

ɢʺˤˣ˃˝ (Golightly, 1981; Freyssinet et al., 2005)̰SaproliteÎ (pH= ~8) ˟ʎĿ

ˎ��ūʔʱ�įʽˣ Limonite Î�ɭˎʯʬˉƘʊʱʝȝˊʫˣˋȉʮˡˤˣʩʻ
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ʰʻˍʱˡ̰Mnūɰgƣˑ& pH (~5) ˊˑ̰ƍȷãʱʣʴ (Tokashiki et al., 2003)̰

˚˃̰goethite ːˠʭˍ Fe3+ɸƣˋũɓʻˉñƭƣˎˠˣɬ?võˎĢÿˊʫˣ˃˝ 

(Quantin et al., 2002)̰ʟgʱɢȤʽˣˋȧÎɭˎˑ2¸ʺˤˍʬˋȉʮˡˤˣʩ�Ĭ

ˊ̰Co2+ˋ Co3+ː˫˰̫këˑˁˤ˂ˤ 0.75 Å, 0.53 Åˊʫˢ (Shannon, 1976)̰Fe3+

ː˫˰̫kë 0.65 Å ˋːÖʱǱ 18%ǜãˊʫˢ̰ʸː˫˰̫këːÖˑ~�ȇęˊʲ

ˣǩ�ˊʫˣ˃˝̰Ni2+ˋ~Śˎ ferryhydrite ˟ goethite ˋʬˆ˃ Fe ūɰgƣ�ː

Fe3+˦ȇęʽˣʸˋʱ{ȍˊʫˣ (Cornell and Schwertmann, 2003)ʩ˚˃̰Dublet et al. 

(2017)ʧ ˑ XAFSˎˠˢ New Caledoniaː Ni ̦̦̈˫̊ɸáˎʯʶˣ Co ˋMnːɮ%

Ƭ§˦Ɂ˗̰LimoniteÎˊˑ 10–100%ʱ goethiteˎwǅʻˉʬˣʸˋ˦İˡʰˎʻ˃ʩ

ʻ˃ʱˆˉ̰LimoniteÎˊ Co˟MnƘãʱșÜʣʴˍˣːˑ̰goethiteˎ2čʺˤˉ

ʬˣ˃˝ˊʫˣˋȉʮˡˤˣʩ 

ScƘãːƀã̗̪̕˨˫̨ˑAl, Fe, Crˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ 10–22 ppm

ˋŧÐ (3.1 ppm) ː 3–74ǜãˊʫˣʱ̰LimoniteÎˊˑ 24–49 ppmˊŧÐːǱ 15

4��ˋƘã¨cʱʝȝˊʫˣ (Table 4.1, Fig. 4.10d)ʩʸː;�ˑAȤǋǠˊȱˡ

ˤˉʬˣ;�ˋ�ȕʻˉʯˢ̰Sc ˑ Sc3+ˋʻˉ goethite �ː Fe3+˦ȇęʽˣʸˋˊ

LimoniteÎ�ˎƘʊʻˉʬˣˋȉʮˡˤˣ (e.g., Aiglsperger et al., 2016)ʩ˃˄ʻ̰ʸː

Ƙãˑ�ː Hill ːļ®6ˋũɓʽˣˋ̰30–40 ppm &ʬʩREE ˑŧÐ�ˊˑ 0.11 

ppm (ΣREE) ˋ Sc ˠˢ˞&ʬʱ̰Mn-oxide Îˎʯʬˉ 139 ppm ˋ 1000 4��ˎƘ

ʊʽˣʩʸːƘãˑ�ː Hill ˋũɓʽˣˋ 5–104ʣʬ (Fig. 4.10d)ʩˁːďeˑ�Ń

ƻˎ Co ˟ Mn ˎʞ$ʻˉʯˢ̰Mn-oxide Î˟ Mn ƘʊɭˊÌąƻˍƘʊʱȱˡˤ

ˣʱ̰REEˑ LimoniteÎˎʯʬˉ˞Ĥj ppmǜãˋƘãː¨cʱȱˡˤˣƝˊÊʻ

ƷˍˣʩREEˑ�ªɿʇū�ˊˑ REE3+ˋʻˉ¸�ʽˣ˃˝̰ȧʔʱɄˎÙʏʻˉʬ

ˣ Mn ɰgƣ˟ūɰgƣ̰Ǯ�ɸƣˎ�ǅʽˣʸˋʱǈˡˤˉʬˣʩREE ˑ

ferryhydrite ˟ goethite ˍˌː Fe ɸƣˎ˞�ǅʽˣʱ̰Limonite Îː pH (5–6, Fig. 

4.10e) ǩ�ˊˑȧʔʱŢˎÙʏʻˉʯˢ Mn ɸƣˋũɓʻˉ�ǅʻˎʴʬ˃˝̰
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LimoniteÎˠˢ˞ Mn-oxideÎˎʯʬˉƤˎ®ʲˍƘʊʱȱˡˤˣˋȉʮˡˤˣʩļí

ˎ̰Pt+PdƘãˑŧÐˊ 37 ppb ˋ̰�ː Hill (5–15 ppb) ˋũɓʻˉʣʴ̰ļ®ˊ Red 

Limonite Î�ɭˊȱˡˤ˃ 107 ppb ˚ˊ¨cʽˣ (Table 4.1)ʩ˚˃̰Sc ˋ~Śˎ̰

SaproliteÎˊˑ 20–34 ppb ˋƘãˑ˘˙«gʻˍʬʱ̰LimoniteÎˊˑ 32–107 ppb

˚ˊ¨cʽˣ;�ʱȱˡˤ˃ (Fig. 4.10d)ʩPt ˟ Pd ˑŧÐˊˑũɓƻʟgˎçʬ

chromite�ˎ�˚ˤˉʯˢ̰ʸˤʱʟgɥǜˊ LimoniteÎ˟ȧÎˎţƴʽˣʸˋˎˠ

ˢƘʊʽˣˋȉʮˡˤˣʱ̰ɘÞːAȤǋǠˊˑ̰ɰgƻˍƬ§ˊJǚeʻ̰Mn ū

ɰgƣ˟ Fe ūɰgƣˎˠˆˉɬ?ůŦʺˤˣʸˋˊ˞Ƙʊʽˣʸˋʱ �ʺˤˉʬˣ 

(Traore et al., 2008b; Aiglsperger et al., 2015; Aiglsperger et al., 2016)ʩ 

 

4.5.1.2 Konde Hill 

Konde Hillːȯg¹ǹăˑWatulabu Hill ˋ~ŚˎŧÐʰˡȧÎˎ�ʰˆˉMg, 

Si ʰˡ Al, Fe, Cr ʱğɮƻˍƬ§ˎ«gʽˣ;�˦ǒʻ˃ (Fig. 4.11a, f)ʩʸː«g

ˑ̰Watulabu Hill ˋ~Śˎ olivine˟ pyroxeneʱļǸƻˎ goethite˟ hematite˖«

Ɇʽˣʸˋˊɀİˊʲˣʩ˃˄ʻ̰Konde Hillː SaproliteÎˊˑ SiO2ˑ 52.2–70.5 wt%

ˋ̰ŧÐːƘã (43.2 wt%) ˠˢ®ʲʴ¨cʽˣˋʬʭ̰�ː Hill ˋˑƷˍˣƤòʱȱˡ

ˤ˃ʩʸːʣʬ SiƘãˑ̰SaproliteÎˎʯʬˉɸƣǹăː®ɭT˦o˝ˣ quartzː

ƭăʱȯ�ˊʫˣˋȉʮˡˤˣʩŧÐʱ olivine ˎÄ˜ dunite ː¡}̰Al ˟ Ca ˍˌ

ːǮ�ːéăˎ*Ưʺˤˣ?Ƕˎ�ʻʬ˃˝̰ʟgːɥǜˊ Siʱɥ_ˎˍˢ̰quartz

ːȐ˦éăʽˣʸˋʱǈˡˤˉʬˣʧ (e.g., Golightly, 1981; Butt and Cluzel, 2013)ʩ

SoroakoɸÏːWest BlockːŧÐˑɸƣ̟̭̋ǹăTŊːǻŌʰˡ̰olivineˎÄ˜

dunite ˎɘʬ harzburgite ˊʫˣʸˋʱTʰˆˉʯˢ̰ʟgˎˠˆˉ Si ʱɥ_ˎˍˢ˟

ʽʬˋȉʮˡˤˣʩ˚˃̰Watulabu Hillː SaproliteÎˊˑ serpentine ˋ smectiteːƭ

ăʱǐȿʺˤ˃ʱ̰Konde Hillˊˑ serpentineːƭăˑǐȿʺˤˍʰˆ˃ʩ 

UMIAˑ BedrockȽĨˊ 3%̰SaproliteȽĨˊ 5–7%, LimoniteȽĨˊ 86–93%ˋ
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ȧÎˎ�ʰˆˉ¨c˦ǒʻ̰ʸː;�ˑ�ȖƻˍɊȚɵɆÐːʟgˊȱˡˤˣ;�

ˋ�ȕʻˉʬˣ (Fig.4.18)ʩŧÐʱ~ʼ Watulabu Hill ː Limonite ȽĨˊˑ 47%ˋ&

ʬ6ʱȱˡˤ˃ʸˋʰˡ̰ŧÐʱ~ʼ¡}ːʟgãˑ Konde Hill>Watulabu Hillːʙ

ˎ®ʲʬˋȉʮˡˤˣʩ˚˃̰Konde HillːʟgÎqˑ~27 mˊWatulabu Hill ˠˢ˞q

ʴ (Fig. 4.19)̰ˠˢʟgʱɢ˧ˊʬˣˋėƇʺˤ̰ʸˤˑ UMIAː;�ˋ˞ĥ}ƻˊʫ

ˣʩȟʬ Saprolite ÎˎÆʻˉ Limonite ÎʱqʴƸɧʽˣˋʬʭƤòʱʫˢ̰ʸˤˑ

Watulabu Hill ˋGɞʻ˃Ƥòˊʫˣʩ�ː Hill ˊˑ̰Limonite Îˋ~ǥ˞ʻʴˑˁˤ

��ːqʺː SaproliteÎ˦˞ˇʸˋʰˡ (Fig. 4.19)̰ʸːƤòˑŧÐːɨʬˎưņʽ

ˣˋȉʮˡˤˣʩŧÐʱīʤˍʰ˧ˡ˧Ðː¡}̰ȯřăɸƣˊʫˣ olivine ˟

pyroxene ˑȡǲÐgʰ˧ˡ˧Ðːȯɸƣˊʫˣ serpentine ˋũɓʻˉƍȷɟãʱ

ɟʴ̰SaproliteÎʱƸɧʻˍʬˋȉʮˡˤˣʩ 

NiƘãˑ̰Yellow LiomniteÎˊ 1.82–2.14 wt%ˋʣʴ̰Red LimoniteÎˊˑ 0.96–

1.32 wt%ˋÊʻƄÊʽˣʱ̰ŧÐ (0.23 wt%) ːǱ 5–104ːƘʊʱȱˡˤ˃ (Table 

4.1, Fig. 4.11b)ʩ�Ĭˊ̰SaproliteÎˊˑ̰Watulabu Hillˊˑ~2 wt%ˋƘʊʱȱˡˤ

˃ːˎÆʻ̰Konde Hill ˊˑ 0.37–0.60 wt%ˋŧÐˋ®ʲˍɨʬʱȱˡˤˍʰˆ˃ʩʸ

ˤˑ̰SaproliteÎˊˑ Ni ˦˘ˋ˧ˌ�˚ˍʬ quartz˟ pyroxene ʱğɮƻˊʫˣʸˋ

ʱr�˄ˋȉʮˡˤˣʩʻʰʻˍʱˡ̰ŧÐˋũɓʻˉʧ NiƘãˑ¨cʻˉʯˢ̰olivine

˟ pyroxene ˞ʻʴˑ
Ĭʰˡƭăʻ˃ smectite ˎ Ni ʱ�˚ˤˉʬˣˋȉʮˡˤˣʩ

LimoniteÎˊˑ̰Watulabu Hill ˋ~Śˎƨɰ¤ɸƣʱÓ©ʻ̰goethite ˋ quartz˦ƭ

ăʻ̰Ni ˑ goethite ˎxˢɗ˚ˤˣˋȉʮˡˤˣʩRed Limonite Îˊˑ goethite ː�

ɭʱ̰ˠˢǻĸøʱʣʬ hematite ˎǀ«gʻ˃˃˝̰Ni ƘãʱƄÊʽˣˋȉʮˡˤ̰

ʸː;�ˑWatulabu Hillːļ�ɭˋʞ$ʻˉʬˣ (Fig. 4.11f)ʩ 

ʧ CoƘãːƀã̗̪̕˨˫̨ˑMnˋɯ$ʻˉʯˢ̰Yellow LimoniteÎː�ɭ (20-

12) ˎȱˡˤ˃MnñƘʊɭˎʯʬˉļ® 0.20 wt% (CoO) ˋŧÐ (0.015 wt%) ː

Ǳ 10 4ːƘʊʱȱˡˤ˃ʱ̰ˁː�ːÎˊˑ 0.1 wt%��ˋ&ʬ6˦ǒʻ̰Ƙʊˑ



101 
 

Ìąƻˊʫˢ̰�ː Hill ˋ~Śˍ;�ʱȱˡˤ˃ʩMn ñƘʊɭˊˑ̰Mn ūɰgƣ

ˊʫˣ asbolane˟ lithiophoriteː¸�ʱǐȿʺˤˉʯˢ (Fig.4.11f)̰Coˑʸˤˡːɸ

ƣ�ˎxˢɗ˚ˤˣʸˋˊƘʊʻˉʬˣˋȉʮˡˤˣʩʸˤˡːɸƣˑɿʇūː pH ʱ

ʣʴˍˣ Limonite Î�ɭʰˡ Saprolite Î�ɭːɿˊʴȱˡˤˣʩŃǋǠˊˑĔx

�{ȍˊʫˆ˃ʱ̰Konde Hill ˎʯʬˉ˞İǆˍ Mn-oxide Îʱ Limonite Î�ɭˎ

¸�ʽˣʸˋʱǐȿʺˤˉʯˢ (ǔ3)̰Mnūɰgƣːƭăˎˑ pHː�įʱɲȯˊ

ʫˣʸˋʱǒ�ʺˤˣʩ20-12 ˎȱˡˤˣ Mn ñƘʊˑ̰ɥtː Mn-oxide Îː�ɭʱ

ţˆ˃˞ː˄ˋȉʮˡˤˣʩ 

ScƘãːƀã̗̪̕˨˫̨ˑ Al, Fe, Cr ˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ 9–21 ppm

ˋŧÐ (11 ppm) ː 24ǜãˊʫˣʱ̰LimoniteÎˊˑ 56–72 ppmˊŧÐːǱ 74

ˋƘã¨cʱʝȝˊʫˣ (Table 4.1, Fig. 4.11d)ʩʸː;�ˑ�ː Hill˟AȤǋǠˊ

ȱˡˤˉʬˣ;�ˋ�ȕʻˉʯˢ̰Scˑ goethite�ː Fe ˦ȇęʻ LimoniteÎˊƘʊ

ʻˉʬˣˋȉʮˡˤˣ (e.g., Aiglsperger et al., 2016)ʩƘãˑWatulabu Hill ˠˢ˞ʣʬ

ʱ̰ŧÐːƘã˦ȉāʽˣˋ̰Ƙʊãˑ Watulabu Hill ːĬʱ®ʲʬʩREE ˑŧÐ�

ˊˑ 0.16 ppm (ΣREE) ˋ&ʬʱ̰MnñƘʊɭˎʯʬˉ 11.4 ppm ˋ 704��ˎƘ

ʊʽˣ (Fig. 4.11d)ʩʸːƘãˑWatulabu Hill ˋũɓʽˣˋ 10Tː 1ǜãˋ&ʬʩď

eˑ�Ńƻˎ Co ˟ Mn ˎʞ$ʻˉʯˢ̰Mn ñƘʊɭˊÌąƻˍƘʊʱȱˡˤˣʩ

REE ˑˎ asbolane ˟ lithiophorite ˍˌː Mn ūɰgƣȧʔˎ�ǅʻˉʬˣˋȉʮ

ˡˤˣʩ˚˃̰LimoniteÎˊ˞Ĥ ppmǜãƘã¨cʱȱˡˤ̰ʸˤˡˑ goethiteȧʔ

ˎ�ǅʻˉʬˣˋȉʮˡˤˣʩļíˎ̰Pt+Pd ƘãˑŧÐˊˑ 15 ppb ˊʫˢ̰ļ®6

ˑļȧÎɭː 47 ppb ˋǱ 3 4ʻʰ¨cʱȱˡˤʾ̰ʟgˎˠˆˉ˘˙Ƙʊʻˉʬˍ

ʬʸˋʱTʰˣ (Table 4.1)ʩȧÎɭˊļ˞ʣʬƘãʱȱˡˤ˃ʸˋʰˡ̰ˎʟgˎ

çʬ chromiteˎñɳăTˋʻˉ�˚ˤˣPt˟PdɸƣʱţƴʻƘʊʻ˃ˋȉʮˡˤˣʩ 
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4.5.1.3 Petea Hill 

Petea Hillːȯg¹ǹă˞Mg, SiˎÄ˜ŧÐʰˡ Al, Fe, CrˎÄ˜ȧÎ˖ˋ«

gʽˣ;�˦ǒʻ˃ (Fig. 4.12a)ʩʸː«gˑ̰�Ńƻˎˑ[ɚː 2 ˇː Hill ˋ~Ś

ˎŧÐ�ː olivinḛpyroxenḛserpentineˋʬˆ˃Mg̰SiˎÄ˜ƨɰ¤ɸƣʱ̰ʟg

ˎˠˆˉ Fe˟ Al ˎÄ˜ goethite˟ gibbsite ˋʬˆ˃ɸƣˎ«Ɇʽˣʸˋˊɀİˊʲ

ˣ (Fig. 4.12f)ʩSaproliteÎː smectiteː XRḒ̔˵ˑWatulabu Hill˟ Konde Hill

ˋũɓʻˉʝȝˊʫˢ̰Petea Hill ˊˑ smectite ʱƭăʻ˟ʽʬ̰˞ʻʴˑ2¸ʺˤ˟

ʽʬƬ§ˊʫˣˋȉʮˡˤˣʩ˚˃̰olivinḛpyroxenḛserpentine ː̭̔˵ʱƄÊʻˉ

ʬˣʸˋʰˡ̰ʸˤˡːɸƣː«Ɇˎˠˆˉƭăʻ˃ˋȉʮˡˤˣ (Supplementary 

Fig.S 4.1)ʩ˚˃̰Petea Hillˊˑ SaproliteÎ˦ɞʻˉ goethiteː¸�ʱǐȿʺˤˉʯ

ˢ̰Petea HillˑĒūøʱˠʴ̰ƀɭ˚ˊɰǶʱŽɝʽˣƬ§ˊʫˣʸˋʱǒ�ʺˤˣʩ 

UMIAˑ BedrockȽĨˊ 4%̰SaproliteȽĨˊ 10–14%, LimoniteȽĨˊ 74–91%

ˋȧÎˎ�ʰˆˉ¨c˦ǒʻ̰ʸː;�ˑ�ȖƻˍɊȚɵɆÐːʟgˊȱˡˤˣ;

�ˋ�ȕʻˉʬˣ (Fig.4.18)ʩ˚˃̰ʟgÎːqʺˑ~32 m ˋD Hill �ˊļ˞qʴ̰ʟ

gãʱʣʬˋȉʮˡˤˣʩPetea Hill ˑ Limonite Îˋ Saprolite Îʱʯˠˁ~ʼqʺˎ

Ƹɧʻˉʯˢ̰Watulabu Hill˟ Konde Hill ˋũɓʽˣˋ SaproliteÎʱqʬʩʸˤˑ̰

[ɚːˠʭˎ̰ŧÐːȯɸƣːƍȷɟãːɨʬʱêʖʻˉʬˣˋȉʮˡˤˣʩ 

Ni Ƙãˑ̰Saprolite Î�ɭˊ 3.66 wt%ˋD Hill �ˊ˞ļ˞ʣʴ̰Limonite Îˊ˞

0.86–3.14 wt%ˋ 3 wt%˦ɊʮˣʣʬƘʊʱȱˡˤˣ (Table 4.1, Fig. 4.12b)ʩNiˑŧ

Ð�ˊˑˎ olivine˟ serpentine ˎ�˚ˤˉʯˢ̰SaproliteÎˊˑʟgˎˠˆˉ Ni

˦ʴ�˜ ( ~3–8 wt%) smectite˟ Ser-IIʱƭăʻ˃˃˝ (Supplementary TableS 4.1)̰

SaproliteÎˊʝȝˍƘʊʱȱˡˤˣˋȉʮˡˤˣʩʺˡˎʟgʱɢ˧˄ LimoniteÎˊ

ˑ̰ʸˤˡːɸƣˑ goethite˟ quartzˎ«Ɇʽˣʱ̰quartzˎˑ Niˑ˘ˋ˧ˌ�˚ˤ

ˍʬ˃˝ goethiteˎxˢɗ˚ˤ̰�ɭˑ�Î˖ɤ˒ˤ smectite˟ serpentineˎxˢɗ

˚ˤ̰ʺˡˎ Saprolite Îː Ni Ƙãʱ¨cʽˣʩLimonite Îˊ�ɭˎ�ʰˆˉ Ni Ƙ



103 
 

ãʱƄÊʽˣːˑ̰goethiteː�ɭʱ hematiteˎ«Ɇʻ˃˃˝ˊʫˣˋȉʮˡˤˣʩ 

ʧ CoƘãːƀã̗̪̕˨˫̨ˑMnˋɯ$ʻˉʯˢ̰Mn-oxideÎˎʯʬˉļ®Ƙã

0.72 wt% (CoO) ˋ̰ŧÐ (0.013 wt%) ːǱ 50 4˦ǒʽÌąƻˍƘʊʱȱˡˤˣʧ

(Fig. 4.12c)ʩʸˤˑ�ː Hill ˋ~Śˍ;�ˊʫˢ̰Co ˋ MnƘãˑ Watulabu Hill ˎ

šʬˊʣʬʩ[ɚːˠʭˎ̰CoˑŧÐ�ˊˑˎ olivine ˞ʻʴˑ serpentineˎ�˚ˤ

ˉʯˢ̰ʎĿːūʔ�įˎˠˆˉ pH ʱʣʴˍˣˋ�ýʺˤˣ Limonite Î�ɭˎʯʬ

ˉ̰ɰgʺˤ asbolane˟ lithiophoriteˋʬˆ˃Mnūɰgƣˎxˢɗ˚ˤ˃ˋȉʮˡˤ

ˣ (Fig.4.12f)ʩ 

ScƘãːƀã̗̪̕˨˫̨ˑAl, Fe, Crˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ 13–32 ppm

ˋŧÐ (15 ppm) ː 1–24ǜãˊʫˣʱ̰LimoniteÎˊˑ 36–81 ppmˊŧÐːǱ 5

4ˎƘʊʽˣ (Table 4.1, Fig. 4.12d)ʩʸː LimoniteÎˎʯʬˉƘʊʱȱˡˤˣ;�

ˑ�ː Hill˟AȤǋǠˊȱˡˤˉʬˣ;�ˋ�ȕʻˉʯˢ̰Scˑ goethite�ː Fe ˦

ȇęʻ Limonite ÎˊƘʊʻˉʬˣˋȉʮˡˤˣʩD Hill ˊŧÐ�ːƘãʯˠ˓ʟg

̗̪̕˨˫̨�ːƘãˑļ®ˊʫˆ˃ʩ˚˃̰Sc ˑ goethite �ˎ�˚ˤˣʸˋˎˠˢʟ

gˎʯʬˉţƴƣˋʻˉƘʊʽˣ˃˝̰ŧÐːƘãʱʟgíːƘãˎêʖ˦�ʮˣ

ˋȉʮˡˤˣʩREE ˑŧÐ�ˊˑ 0.18 ppm (ΣREE) ˋ&ʬʱ Limonite Îˊˑ 7.2–

21.4 ppm ˋǱ 1204ˎƘʊʻ̰Ƥˎ Mn-oxideÎˋ Yellow LimoniteÎ�ɭˊ 17.6–

21.4 ppm ˋʣʬ6ʱȱˡˤ˃ʱ (Fig. 4.12d)̰ʸːƘãˑWatulabu Hill ˋũɓʽˣˋ

6Tː 1ǜãˋ&ʬʩREEːďeˑ�Ńƻˎ Co˟Mnˎʞ$ʻˉʯˢ̰Mn-oxideÎ

ˊƘʊʱȱˡˤ̰ˎ asbolane ˟ lithiophorite ˍˌː Mn ūɰgƣȧʔˎ�ǅʻˉ

ʬˣˋȉʮˡˤˣʩ˚˃̰LimoniteÎˊ˞ļ®ˊ 21.4 ppm ˋƘã¨cʱȱˡˤ̰ʸˤˡ

ˑ goethiteȧʔˎ�ǅʻˉʬˣˋȉʮˡˤˣʩļíˎ̰Pt+PdƘã˞ Sc̰REEˋ~Śˎ

Limonite ÎˎʯʬˉƘãː¨cʱȱˡˤˣ;�˦ǒʻ̰ļ®6ˑ Mn ʱñƘʊʻˉ

ʬˣ Yellow LimoniteÎ�ɭː 85 ppb ˋŧÐ (5 ppb) ːǱ 174ː¨cʱȱˡˤ̰ʟ

gˎˠˆˉƘʊʻˉʬˣʸˋʱ˥ʰˣ (Table 4.1, Fig. 4.12d)ʩLimonite ÎˊƘã¨c
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ʱȱˡˤˣʸˋʰˡ̰Watulabu Hill˟ Konde Hill ˋ~Śˎ̰ˎʟgˎçʬ chromite

ˎñɳăTˋʻˉ�˚ˤˣ Pt˟ PdɸƣʱʟgˊţƴʻƘʊʻ˃ˋȉʮˡˤˣʩ˚˃̰

Mn-oxideÎ˟MnːñƘʊʱȱˡˤˣ Yellow LimoniteÎ�ɭˊ�ːȽĨː 2–34

ˋ̰ʣʬƘã˦ǒʻ˃ʸˋʰˡ̰Petea Hillˊˑ Pt˟ PdːǚeˋJƘʊ˞ƭʼˉʬˣʸ

ˋʱǒ�ʺˤˣʩ 

 

4.5.1.4 Ussu Hill 

Ussu Hillːȯg¹ǹă˞ŧÐʰˡȧÎˎʰʶˉMg, Siʰˡ Al, Fe, Crʱğɮƻ

ˍƬ§˖ˋ«gʽˣ;�˦ǒʻ˃ (Fig. 4.13a)ʩʸː«gˑ̰�Ńƻˎˑ[ɚː�ː

Hill ˋ~ŚˎŧÐ�ː olivinḛpyroxenḛserpentinḛhornblende ˋʬˆ˃ Mg̰Si ˎ

Ä˜ƨɰ¤ɸƣʱ̰ʟgˎˠˆˉļǸƻˎ Fe˟ Al ˎÄ˜ goethite˟ gibbsite ˋʬ

ˆ˃ɸƣˎ«Ɇʽˣʸˋˊɀİˊʲˣ  (Fig. 4.13f)ʩ˃˄ʻ̰Ussu Hill ˑŧÐʱ

hornblende ˦ʴ�˧ˊʯˢ̰Saprolite Îˎʯʬˉ serpentinḛsmectitḛpyroxene ˎ

cʮˉhornblendeʱʴȱˡˤˣƝˊ�ːHillˋƷˍˣʩʸˤˑ̰hornblendeʱolivine

˟ pyroxene ˠˢ˞ƍȷɟãʱɣʬ˃˝̰ʸˤˡːɸƣˠˢ˞ʟgˊţƴʻ˟ʽʬ˃˝

ˊʫˣʩŧÐˊȱˡˤ˃ olivine ˟ pyroxenḛserpentine ʱƄÊʻˉʬˣ�Ĭˊ̰

smectie ʱ¨cʻˉʬˣʸˋʰˡ̰smectite ˑʸˤˡːʬʾˤʰ˞ʻʴˑȬĤʰˡƭăʻ

˃ˋȉʮˡˤˣʩSaprolite Î�ɭˊˑ Mg ƨɰ¤ˑ˘˙»Dˎž±ʻ̰ˎ goethite

˖ˋ«Ɇʻˉʯˢ̰LimoniteÎˊˑ˘ˋ˧ˌ«gˑȱˡˤˍʬʩ 

UMIAˑ BedrockȽĨˊ 3%̰SaproliteȽĨˊ 6–82%, LimoniteȽĨˊ 83–87%ˋ

ȧÎˎ�ʰˆˉ¨c˦ǒʻ̰ʸː;�ˑ�ȖƻˍɊȚɵɆÐːʟgˊȱˡˤˣ;�

ˋ�ȕʻˉʬˣ (Fig.4.18)ʩ˚˃̰ʟgÎːqʺˑ~21 m ˋŧÐʱʞ$ʻˉʬˣ Petea 

Hill ˟ Willson Hill ˋũɓʽˣˋʟgÎqˑļ˞ȟʬʱ (Fig.4.19)̰Limonite Îː

UMIAˑʬʾˤ˞ 80%��˦ǒʻWillson HillːLimoniteÎˠˢ˞ʣʬʩʸˤˑ̰Ussu 

Hill ːŧÐʱ olivinḛpyroxenḛserpentine ˠˢ˞ƍȷãːɣʬ hornblende ˦ Petea 
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Hill˟Willson Hillˠˢ˞ʴ�˧ˊʯˢ̰ʟgÎːƸɧʱɣʬʸˋʱêʖʻˉʬˣˋȉ

ʮˡˤˣʩʻ˃ʱˆˉ̰sÃˎˑʸˤˡ 3 ˇː Hill ːʟgã˦ʟgÎqʰˡȼ.ʽˣ

ʸˋˑʍʻʬʩ 

NiƘãˑ Red LimoniteÎ�ɭ (21-2) ˊ 2.11 wt%ˋŧÐ (0.22 wt%) ːǱ 10 4

ːƘʊʱȱˡˤ˃ʱ̰SaproliteÎʰˡ LimoniteÎˎʰʶˉ 1.40–2.11 wt%ˋƀã̗̪

̕˨˫̨˦ɞʼˉ®ʲˍɨʬʱȱˡˤˍʬ (Table 4.1, Fig. 4.13b)ʩ�ː Hill ˋ~Śˎ̰

NiˑŧÐ�ˊˑˎ olivine˟ serpentineˎ�˚ˤˉʯˢ̰SaproliteÎˊˑMgːƍ

ȑˋʟgˎˠˆˉƭăʻ˃ smectite ˟ serpentine �ˎ Ni ʱˋˢɗ˚ˤˣʸˋˊƘãʱ

¨cʽˣˋȉʮˡˤˣʩʺˡˎʟgʱɢ˜ˋ̰ʸˤˡˑ goethite ˎ«Ɇʽˣʱ goethite

˞Ni˦wǅʻLimoniteÎˎƴ˚ˣʩʸːʈ�ɭˑ�Î˖ɤ˒ˤ smectite˟ serpentine

ˎxˢɗ˚ˤ̰ʺˡˎ Saprolite Îː Ni Ƙãʱ¨cʽˣʱ̰Ussu Hill ˊˑ Petea Hill

ːˠʭˎ Saprolite ÎˎʯʬˉʝȝˍƘʊʱȱˡˤˍʬʸˋʰˡ̰Jǚeˑʫ˚ˢɢ˧

ˊʬˍʬˋȉʮˡˤˣʩļȧÎɭˊ NiƘãːƄÊʱȱˡˤˣʱ̰ʸˤˑ�ː Hill ˋ~

Śˎ̰goethiteː�ɭʱ hematiteˎ«Ɇʻ˃˃˝ˊʫˣˋȉʮˡˤˣʩ 

ʧ Co Ƙãːƀã̗̪̕˨˫̨ˑ Mn ˋʞ$ʻˉʬˣʱ̰�ː Hill ˋƷˍˢ Mn Ƙã

ˑ Saprolite Î�ɭʰˡȧÎˎʰʶˉ 0.98–1.25 wt% (MnO) ˋÌąƻˍƘʊ˦ǒʺ

ʾ̰CoƘã˞~Śˎ 0.11–0.19 wt% (CoO) ˋŧÐ (0.013 wt%) ːǱ 154ˎƘʊʽ

ˣʱ̰ÌąƻˍƘʊˑȱˡˤˍʬ (Fig. 4.13c)ʩʸː;�ˑ Fe Ƙãːƀã̗̪̕˨˫

̨ˋʞ$ʻˉʯˢ̰Ussu Hill ˊˑ Co ʯˠ˓ Mn ˑ asbolane ˟ lithiophorite ˋʬˆ˃

Mnūɰgƣˠˢ˞ goethite�ˎxˢɗ˚ˤˉʬˣ{ȍøʱʣʬʩ 

ScƘãːƀã̗̪̕˨˫̨ˑ Al, Fe ˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ 20–67 ppm ˋ

ŧÐ (6 ppm) ːǱ 11 4̰Limonite Îˊ 68–77 ppm ˊŧÐːǱ 13 4ˎƘʊʽˣ 

(Table 4.1, Fig. 4.13d)ʩʸː LimoniteÎˎʯʬˉƘʊʱȱˡˤˣ;�ˑ�ː Hill ˋ~

Śˊʫˢ̰Sc ˑ LimoniteÎˊ goethite�ː Fe ˦ȇęʻ̰ʟgˎʯʬˉţƴƣˋʻˉ

ƘʊʻˉʬˣˋȉʮˡˤˣʩREE ƘãˑŧÐ�ˊ 0.23 ppm (ΣREE) ˋ&ʴ̰Limonite
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Îˊˑ 7.8–10.8 ppm ˋǱ 474ˎƘʊʽˣʱ̰ʸˤˑ Watulabu Hill ːƘãˋũɓʽ

ˣˋ̰10Tː 1��ˋ&ʬ (Fig. 4.13d)ʩ˚˃̰SaproliteÎ�ɭ (20-4) ˎʯʬˉ 29.1 

ppm ˋÌąƻˍƘʊ˦ǒʻ Co˟Mn ˋƷˍˣďe˦ǒʻ˃ʩʸˤˑ̰SaproliteÎ�ɭ

ˊˑʎĿˎɿʇūː pH ʱʣʴˍˣ˃˝̰asbolane ˟ lithiophorite ˋʬˆ˃ Mn ūɰ

gƣȧʔʱɄˎÙʏʻ˟ʽʴˍˢ̰REEʱ�ǅʻ˟ʽʬ�Ĭˊ̰LimoniteÎˊMnū

ɰgƣ˟ goethiteȧʔˎ�ǅʻˉʬ˃ REEˑ pHʱ&ʬ ( ~5–6) ūːŽɝˎˠˆˉ

ȑʌʻ�ɭ˖ɤ˒ˤ˃ REE ʱ Saprolite Î�ɭˊ�ǅʺˤˣ˃˝̰ÌąƻˍƘʊʱ

ȱˡˤˣˋȉʮˡˤˣʩ 

 

4.5.1.5 Willson Hill 

Willson Hillːȯg¹ǹă˞�ː Hill ˋ~ŚˎŧÐʰˡȧÎˎʰʶˉMg, Siʰ

ˡ Al, Fe, CrˎÄ˜ǹă˖ˋ«gʽˣ;�˦ǒʻ˃ (Fig. 4.14a)ʩʸː«gˑ̰�Ńƻ

ˎˑ[ɚː Petea Hill ˋ~ŚˎŧÐ�ː olivinḛpyroxenḛserpentine ˋʬˆ˃ Mg̰

SiˎÄ˜ƨɰ¤ɸƣʱ̰ʟgˎˠˆˉļǸƻˎ Fe˟ AlˎÄ˜ goethite˟ gibbsite

ˋʬˆ˃ɸƣˎ«Ɇʽˣʸˋˊɀİˊʲˣ (Fig. 4.14f)ʩSaproliteḬ̂LimoniteÎː

ȯɸƣǹăˑ�Ńƻˎ Petea Hill ˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ smectiteːʝȝˍ

XRD ̭̔˵ʱȱˡˤ̰ʟgˎˠˆˉ smectite ʱƭăʻˉʬˣʸˋʱ˥ʰˣʩ˚˃̰

smectite ː̭̔˵ˑ Saprolite Î�ɭˎʯʬˉˠˢʝȝˊʫˣ˃˝̰smectite ˑʟgV

Ŀˎʴƭăʽˣˋȉʮˡˤ̰ʸː;�ˑ Petea Hillˊ˞ȱˡˤˣʩolivinḛpyroxenḛ

serpentine ː̭̔˵ʱƄÊʻˉʬˣʸˋʰˡ̰ʸˤˡːɸƣː«Ɇˎˠˆˉƭăʻ˃ˋȉ

ʮˡˤˣ (Supplementary Fig.S 4.1)ʩ˚˃̰Petea Hillˊˑ SaproliteÎ˦ɞʻˉ goethite

ː¸�ʱǐȿʺˤ˃ʱ̰Willson Hillˊˑ goethiteˑ SaproliteÎ�ɭ (22-4) ˊː˛

ǐȿʺˤ˃ʸˋʰˡ̰Petea Hill ˋũɓʻˉĒūøʱûʴ̰ƀɭ˚ˊɰǶʱŽɝʻˍʬ

Ƭ§ˊʫˣʸˋʱǒ�ʺˤˣ 

UMIAˑ BedrockȽĨˊ 4%̰SaproliteȽĨˊ 5–22%, LimoniteȽĨˊ 50–92%ˋ
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ȧÎˎ�ʰˆˉ¨c˦ǒʻ̰ʸː;�ˑ�ȖƻˍɊȚɵɆÐːʟgˊȱˡˤˣ;�

ˋ�ȕʻˉʬˣ (Fig.4.18)ʩʻʰʻˍʱˡ̰ŧÐʱʞ$ʻˉʬˣ Petea Hill ː Yellow 

Limonite ȽĨː UMIA ˑ 74–91%ˊʫˣːˎÆʻ̰Willson Hill ː Yellow Limonite

ȽĨ (22-3) ˑ 50%ˋ&ʬ6˦ǒʻ˃ʸˋʰˡ (Table 4.1)̰Willson Hill ˑ Petea Hill

ˋũɓʻˉʟgãʱ&ʬˋȉʮˡˤˣʩ˚˃̰Willson Hill ːʟgÎːqʺˑ~26 m ˊ

ʫˣːˎÆʻ̰Petea HillːʟgÎːqʺˑ~32 mˊʫˢ (Fig. 4.19)̰ʟgÎqʰˡ˞

ʟgãˑ Petea Hill>Willson Hillˊʫˣˋȉʮˡˤˣʩ 

NiƘãˑ SaproliteÎ�ɭ (22-4) ˊļ®Ƙã 2.97 wt%˦ǒʻ̰ŧÐ (0.22 wt%) 

ːǱ 14 4ːƘʊʱȱˡˤ˃ (Table 4.1, Fig. 4.14b)ʩʸːƘãˑ Petea Hillːšˎʣ

ʴ̰Ni ƘãˑŧÐʱīʤˍʰ˧ˡ˧Ðˠˢ˞ȡǲÐgʰ˧ˡ˧Ðː¡}ˎˠˢʣʬƘ

ʊʱȱˡˤˣˋȉʮˡˤˣʩ˚˃̰Willson Hill ˊˑļƘʊɭ˦ʅʬˉˑ̰Saprolite Î

ː�ɭ˟�ɭˠˢ˞ Limonite Îˎʯʬˉʣʬ Ni Ƙãʱȱˡˤ̰ʸˤˑ Petea Hill ˋ

Ʒˍˣ;�ˊʫˣʩ�ː Hill ˋ~Śˎ̰NiˑŧÐ�ˊˑˎ olivine˟ serpentineˎ

�˚ˤˉʯˢ̰Saprolite Îˊˑ Mg ːƍȑˋʟgˎˠˆˉƭăʻ˃ smectite ˟ Ser-II

�ˎ Niʱˋˢɗ˚ˤˣʸˋˊƘãʱ¨cʽˣˋȉʮˡˤˣʧ (Supplementary TableS 4.1)ʩ

ʺˡˎʟgʱɢ˜ˋ̰ʸˤˡˑ goethiteˎ«Ɇʽˣʱ goethite ˞ Ni ˦wǅʻ Limonite

Îˎƴ˚ˣʩʸːʈ�ɭˑ�Î˖ɤ˒ˤ smectite ˟ serpentine ˎxˢɗ˚ˤ̰ʺˡˎ

SaproliteÎː NiƘãʱ¨cʽˣʱ̰Willson Hillˊˑ Petea Hillːˠʭˎ SaproliteÎ

�ɭˠˢ˞ Limonite ÎˎʯʬˉʣʬƘãʱȱˡˤˣʸˋʰˡ̰Ni ː�ɭ˖ːǚeˑ

Petea Hill˘ˌɢ˧ˊʬˍʬˋȉʮˡˤˣʩˁːȯ�ˋʻˉˑ̰Willson HillːĒūøʱ

Petea Hill ˋũɓʻˉȗʴˍʬʸˋʱďʷˡˤˣʩļȧÎɭˊ NiƘãːƄÊʱȱˡˤˣ

ʱ̰ʸˤˑ�ːHillˋ~Śˎ̰goethiteː�ɭʱ hematiteˎ«Ɇʻ˃˃˝ˊʫˣˋȉʮ

ˡˤˣʩ 

ʧ CoƘãːƀã̗̪̕˨˫̨ˑMnˋɯ$ʻˉʯˢ̰MnñƘʊɭ (22-3) ˎʯʬˉ

ļ®Ƙã 0.27 wt% (CoO) ˋ̰ŧÐ (0.014 wt%) ːǱ 204˦ǒʽÌąƻˍƘʊʱ
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ȱˡˤˣʧ (Fig. 4.14c)ʩ[ɚːˠʭˎ̰CoˑŧÐ�ˊˑˎ olivine ˞ʻʴˑ serpentine

ˎ�˚ˤˉʯˢ̰ʎĿːūʔ�įˎˠˆˉ pH ʱʣʴˍˣˋ�ýʺˤˣ Limonite Î�

ɭˎʯʬˉ̰ɰgʺˤ asbolane˟ lithiophorite ˋʬˆ˃ Mnūɰgƣˎxˢɗ˚ˤ˃

ˋȉʮˡˤˣ (Fig.4.14f)ʩ 

ScƘãːƀã̗̪̕˨˫̨ˑAl, Fe, Crˋʞ$ʻˉʯˢ̰SaproliteÎˊˑ 10–42 ppm

ˋŧÐ (13 ppm) ːǱ 3 4̰Limonite Îˊ 56–71 ppm ˊŧÐːǱ 5 4ˎƘʊʽˣ 

(Table 4.1, Fig. 4.13d)ʩʸː LimoniteÎˎʯʬˉƘʊʱȱˡˤˣ;�ˑ�ː Hill ˋ~

Śˊʫˢ̰Sc ˑ LimoniteÎˊ goethite�ː Fe ˦ȇęʻ̰ʟgˎʯʬˉţƴƣˋʻˉ

ƘʊʻˉʬˣˋȉʮˡˤˣʩREE ƘãˑŧÐ�ˊ 0.18 ppm (ΣREE) ˋ&ʴ̰Limonite

Îˊˑ 6.7–67.7 ppm ˋǱ 3804ˎƘʊʽˣʱ̰ʸˤˑ Watulabu Hilln ːƘãˋũɓ

ʽˣˋ̰2Tː 1��ˋ&ʬ (Fig. 4.14d)ʩ˚˃̰Yellow LimoniteÎ (22-3) ˎʯʬˉ

67.7 ppm ˋÌąƻˍƘʊ˦ǒʻ Co˟ Mn ˋʞ$ʻ˃;�˦ǒʻ˃ʩ�ː Hill ˋ~Ś

ˎ̰asbolane˟ lithiophorite ˋʬˆ˃ Mnūɰgƣ˖ːȧʔ�ǅˎˠˆˉƘʊʻˉʬ

ˣˋȉʮˡˤˣʩļíˎ̰Pt+Pd ƘãˑŧÐˊˑ 15 ppb ˊʫˢ̰ļ®6ˑ Yellow 

LimoniteÎː 75 ppbˊǱ 54ˎƘʊʻˉʽˣ (Table 4.1)ʩ�Ńƻˎˑ̰ˎʟgˎ

çʬ chromiteˎñɳăTˋʻˉ�˚ˤˣ Pt˟ PdɸƣʱţƴʻƘʊʻ˃ˋȉʮˡˤˣ

ʱ̰Mn ñƘʊɭˎʯʬˉļ®Ƙãʱȱˡˤ˃ʸˋʰˡ̰ȧÎɭʰˡǚeʻˉʲ˃�

ɭː Pt˟ PdʱMnūɰgƣˎˠˆˉɬ?ʺˤJƘʊʻˉʬˣ{ȍøʱʫˣʩ 

 

4.5.2 g¹ʟgˎ#ʭ?Ƕǚeãːȼ. 

Ƙãˑǅƾ?Ƕȓ'ːǚe˟�c˄ʶˊˑˍʴ̰ȯ?Ƕːƍȑˎˠˆˉ˞êʖ

˦yʶˣ˃˝̰?ǶƘãː«gː˛ʰˡˊˑ¾ʈˎˁː?ǶʱʟgˎˠˆˉÐǉʰ

ˡʅt˞ʻʴˑ�cʺˤ˃ʰ˦ǈˣʸˋˑʍʻʬʩʸːˠʭˍ?ǶːďeːȺɻ˦ǈˣ

Ďśː�ˇˋʻˉ̰?Ƕǚeã τ ʱʫˣʩʸːĎśˑʟgˎˠˆˉǚeʽˣ?ǶːƘ

ã˦ʍǚeø?ǶːƘãˊȲőgʻ˃˞ːˊ̰��ːæˊ¼Ȉʺˤˣ (Brimhall and 
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Dietrich, 1987; Anderson et al., 2002)ʩ 

MN,P =
8N,Q/8P,Q
8N,R/8P,R

− 1 (4 − 5) 

ʸʸˊ̰C ˑ?ǶƘã ( wt%)̰Ƃ· j ˑǅƾʻ˃ǚeø?Ƕ̰i ˑʍǚeø?Ƕ̰w

ˑʟgƣȽĨȽḬ̃p ˑŧÐȽĨ˦ȧʽʩʟgˎˠˆˉ?Ƕʱƍȑʻ˃¡}ˑ τ<0, 

�cʺˤ˃¡}ˑ τ>0, ǚeʻˉʬˍʬ¡}ˑ 0˦ǒʽʩÐǉːʟgˎʯʬˉ̰ǚe

ʻʍʬ?Ƕʱʫˣʸˋˑ 1800 Þ�ʰˡǈˡˤˉʯˢ̰Zr, Ti, Nb ʱH�ƻˍʍǚe?

Ƕˋʻˉʻ˒ʻ˒Ưʬˡˤˉʲ˃ (e.g., Brimhall and Dietrich, 1987; Harden, 1987; 

Johnsson et al., 1993)ʩɊȚɵɆÐ�ˊˑ Zr˟ Nbˑŗñɳ?Ƕˊʫˢ̰ʻ˒ʻ˒ŕ

SʃƲ6��ˋˍˣ˃˝̰ʍǚeø?Ƕˋʻˉ Ti ˦ƯʬˉDȽĨːȯ?Ƕʯˠ˓

ñɳ?Ƕː τ ˦Ŭ˝˃ʩȸǧǻŌ˦ Table. 4.1ˎ̰| Hillˎʯʶˣ τːƀã̗̪̕˨

˫̨˦ Fig.4.20–24ˎˁˤ˂ˤǒʽʩ 

Dˉː HillˎʯʬˉȧÎˎ�ʰˆˉƘãʱȝʻʬƄÊ˦ǒʻ˃ Si,ˋMgˑ̰τ6˞

ȧÎˎ�ʰʬƄÊʻ̰ȧÎˊˑ-1 ˎɘʬ6˦ǒʻ˃ʸˋʰˡ̰ʸˤˡː?Ƕˑʟgˎ

ˠˆˉ˘˙»DˎÐǉ�ʰˡ±˥ˤˉʬˣʸˋʱİˡʰˋˍˆ˃ʩ˚˃̰Si, Mg ˋˑv

ÆˎȧÎˎ�ʰʬƘãʱ¨cʽˣ Al, Fe, Cr ː τ 6ˑŢː6˦ǒʻ˃ʸˋʰˡ̰ʸˤ

ˡː?ǶˑȯăTːƍȑː˛ˊˑˍʴ̰�Îʰˡ�cʺˤ˃ʸˋˎˠˢƘʊʻˉʬˣ

ʸˋʱİˡʰˋˍˆ˃ʧ (Fig. 4.20a–24a)ʩʸˤˡː?Ƕː τ6ˑ LimoniteÎˊʯʯˠˁ

1–3 ǜãˋʞ$ʻ˃6˦ǒʻ˃ʱ̰Petea Hill ː Yellow Limonite ÎȽĨ (20-21) ː

Feː τ6ˑ 8.5 ˋ�ː Hill ˠˢ˞ʣʬ6˦ǒʻ̰Petea Hillˎʯʬˉˑˠˢʴː Feʱ

�cʺˤ˃ʸˋʱǒ�ʺˤˣʩ 

~ŚˎʟgÎˎʯʬˉƘʊʱȱˡˤ˃ Ni ː τ 6˞Ţː6˦ǒʻ̰ʟgˎˠˆˉ�

cʺˤˉʬˣʸˋʱTʰˆ˃ʩNiˑƤˎƘʊʱʝȝˊʫˆ˃ Petea Hil ː SaproliteÎ

ȽĨ (20-24) ˊļ® 22.1 ˋʣʬ τ6˦ǒʻ̰Petea Hillˊˑ Fe ˋGˎNi ˞ʴ�c

ʺˤ˃ˋȉʮˡˤˣ (Fig. 4.20b–24b)ʩ˚˃̰Petea Hill ˘ˌˊˑˍʬʱ Saprolite Îˊ
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NiƘʊʱȱˡˤ˃Watulabu Hillː 20-7, 20-9-1˟Willson Hillː 22-4ː τ6˞ 3.7–

9.4 ˋʣʬ6˦ǒʻ̰Niʱ�cʺˤˉʬ˃ʩSaproliteÎˎʯʬˉ NiƘʊʱȱˡˤˍʰ

ˆ˃ Konde Hillː SaproliteÎȽĨˊˑ τ6ʱ 2.1–2.8 ˋ�cʺˤˉˑʬˣʱ̰ˁːǜ

ãˑ�ː Hill ˋũɓʻˉ&ʬʸˋʱTʰˣʩ�Ḭ̆ʫ˚ˢƘãˎÖʱȱˡˤˍʰˆ˃

Limonite Îˊˑ̰τ 6ˑ�ɭːȽĨ˦ʅʲ 1–3 ˋ Saprolite ÎˋũɓʻƦʬǩ�ˎʯ

ʺ˚ˆ˃ʩUssu Hill ˊˑļȧÎ˦ʅʲ τ6ˑ 0.24–1.76 ˋʟgÎ˦ɞʻˉ�ː Hill ˠ

ˢ˞&ʬʸˋʰˡ̰Ussu Hillˊˑ Niː�cʱļ˞ɢ˧ˊʬˍʬˋȉʮˡˤˣʩ˚˃̰Al, 

Fe, Cr ˋ~ŚˎȧÎɭˊ τ6ˑɄː6˦ǒʻ̰ƍȑʱƭʼˉʬˣˋȉʮˡˤˣʩ 

 

4.5.3 g¹ʟgˋ NiƘʊ 

ŧÐː Ni ƘãˑȡǲÐgːǜãˎʀ˥ˡʾ 0.21–0.24%ˋ®ʲˍɨʬˑȱˡˤˍ

ʬʱ̰Limonite Îˊˑ̰Ý� 1.55–2.16%ˋŧÐˋũɓʻˉ 10 4ɘʬ6˦ǒʻ̰ʟg

ˎˠˆˉƘʊʻˉʬˣʸˋʱTʰˣ (Fig. 4.10b–14b)ʩLimonite ÎːÝ� Ni Ƙãˑ

Hillˎˠˆˉ®ʲˍɨʬʱȱˡˤʾ̰ʟgã (i.e., UMIA, ʟgÎq) ʱ LimoniteÎ

ːÝ� NiƘãˎ�ʮˣêʖˑÉʺʬˋȉʮˡˤˣʩ�Ĭˊ̰SaproliteÎː NiƘãˑ

Ý� 0.48–2.89%ˋʬʾˤ˞ŧÐˋũɓʻˉƘʊʻˉʬˣʱ̰Ƙãˎˑ®ʲˍÖʱȱ

ˡˤˣʩƤˎ̰qʬ SaproliteÎ˦˞ˇ Petea Hill ˋ Willson Hill ˊˑˁˤ˂ˤ 2.89%, 

2.06%ˋŧÐˋũɓʻˉ 10–13 4Ƙʊʻˉʬˣʩ˚˃̰ʟgãʱˠˢʣʬ Petea Hill ʱ

Willson Hill ˠˢ˞ʣʬÝ� NiƘã˦ǒʻ˃ʩʸːʸˋʰˡ̰ʟgãˋ SaproliteÎˎʯ

ʶˣNiʣƘʊˑʀɡʱʫˢ̰ʟgʱlɋʻ˃ SaproliteÎˊˑ̰�ÎʰˡˠˢʴːNi

ʱǚeʻˉʬˣʸˋʱǒ�ʺˤˣʩ 

�Ĭˊ̰LimoniteÎʱqʴƸɧʻˉʬˣWatulabu Hill, Konde Hillː SaproliteÎˎ

ʯʶˣÝ� NiƘãˑˁˤ˂ˤ 1.92%, 0.48%ˊʫˢ̰Petea Hill, Willson Hill ˋũɓʻ

ˉƘʊːǜãʱÉʺʬʩ˚˃̰ˠˢ®ʲˍʟgã˦ǒʻ˃ Konde Hill ˎʯʬˉ&ʬÝ

� Ni Ƙãʱȱˡˤ˃ʩʸˤˑ̰Limonite ÎʱqʴƸɧʻ˃˃˝ˎ̰Saprolite Îˎ Ni
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ʱXɧʽˣ[ˎ goethite ˍˌː�ːɸƣ�ˎxˢɗ˚ˤ˃ʸˋʱr�ˊʫˣˋȉʮˡ

ˤˣʩïˆˉ̰ŧÐʱȡǲÐg harzburgite ː¡}̰ Saprolite Îˎʯʶˣ Ni Ƙʊˑ

ʟgãʱ®ʲʬĬʱʣʴˍˣʱ̰ŧÐʱīʤˍ harzburgiteˊʫˣ¡}̰SaproliteÎˎ

ʯʶˣ NiƘʊˑʟgãʱÉʺʬĬʱʣʴˍˣˋȉʮˡˤˣʩ 

4.5.2 ˊǒʻ˃?Ƕǚeãˑ?ǶʱŧÐˋũɓʻˉˌːǜã±˥ˤ˃ʰ̰˞ʻʴˑ

�cʺˤ˃ʰ˦ǒʽËãˋʻˉľƯˊʫˣʱ̰ʟgˎˠˆˉǚeʻ˃?Ƕːɳˑǒʺ

ˤˍʬʩˁʸˊ̰Brimhall and Dietrich (1987) ˎˠˢĘ�ʺˤ˃��ːæ˦Ưʬˉʟ

gˎˠˢě±˞ʻʴˑ�cʺˤ˃?Ƕǚeɳ m ˦ȸǧʻ̰ʟgˎˠˆˉ�cʱǐȿʺ

ˤ˃?Ƕːǚeɳ˦ Hillʹˋˎũɓʻ˃ʩ 

TN,Q(UV) = 8N,RρRXQτN,Q = 8N,RρRZQJτN,Q (4 − 6) 

ʸʸˊ̰Cˑ?ǶƘã (kg/ton), ρˑÃã (ton/m2), Vˑ'ǟ (m3), HˑʟgÎːqʺ 

(m), S ˑʔǟ (m2), τ ˑ?ǶǚeãˊʫˣʩƂ· j ˑǅƾ?Ƕ̰w ˑʟgƣȽḬ̃p

ˑŧÐȽĨ˦ȧʽʩʟgÎːqʺːêʖː˛˦ȉāʽˣ˃˝̰ʔǟ S ˑn%ʔǟ 1 

m2ˋʻ˃ʩŧÐːÃãˑ Sufriadin et al. (2011)ˊ �ʺˤˉʬˣ SoroakoɸÏːŧÐ

ːÃã˦uȉˎ̰harzburgiteˎˇʬˉˑ 2.85 ton/m3, ȡǲÐg harzburgiteˎˇʬˉ

ˑ 2.35 ton/m3˦ˁˤ˂ˤƯʬ˃ʩȸǧǻŌ˦ Supplementary TableS 4.2ˎǒʽʩ 

ʟg̗̪̕˨˫̨D'˖ː Ni ːǚeɳˑʬʾˤː Hill ˎʯʬˉ˞Ţː6˦ǒʻ̰

�cʺˤˉʬˣʸˋʱTʰˆ˃ʩ˚˃̰ˁː�cɳˑ Petea Hillˊ 1,208 kg, Konde Hill

ˊ 331 kg, Willson Hillˊ 304 kg, Watulabu Hillˊ 90 kg, Ussu Hillˊ 66 kg ˋ̰Petea 

Hill ˎʯʬˉļ˞�cʺˤˉʬˣʸˋʱǒʺˤ˃ʩ~ʼŧÐˎƸɧʻ˃ʟg̗̪̕˨˫

̨ˊũɓʽˣˋ̰ŧÐʱȡǲÐg harzburgiteː¡}ˑ̰Niː�cɳː®ʲʺˑ Petea 

Hill>Willson Hill̰harzburgite ː¡}ˑ Konde Hill>Watulabu Hill ˊʫˢ̰ʸˤˑ

UMIA ˟ʟgÎqʰˡǒʺˤ˃ʟgãː®ʲʺː;�ˋ�ȕʻˉʯˢ̰ʸːʸˋʰˡ̰

Ni�cɳˑʟgãʱ®ʲʬ˘ˌ®ʲʴˍˣʸˋʱǒ�ʺˤˣʩ 

��ˠˢŧÐʱ~ʼ¡}̰ʟgãːʣʬ̗̪̕˨˫̨ˎʯʬˉ̰ˠˢʴNiʱ�cʺ
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ˤˣʸˋʱİˡʰˋˍˆ˃ʩ��ˠˢ̰SaproliteÎˎʯʶˣ NiƘʊː�ˇːȯ�ˋʻˉ̰

�ÎʰˡːNiǚeɳʱɲȯˊʫˣˋȉʮˡˤˣʱ̰SaproliteÎˊƘʊʽˣˎˑ̰ǚe

ʻ˃ Ni ʱ�ɭˊ�¼ʺˤˣôȯʱʫˣʩSaprolite ÎˎʯʬˉʝȝˍƘʊʱȱˡˤ˃

Petea Hillʯˠ˓Willson Hillː SaproliteÎː EPMATŊːǻŌʰˡ̰NiƘʊǬ¶

ˑˎ Mgˎ�ʻʴ̰Ni, Fe˦ʴ�˜ Ser-IIˊʫˢ̰ʸˤˑAȤǋǠˊ �ʺˤˉʬ

ˣ Soroako ɸÏː Saprolite ȽĨˎȱˡˤ˃ Ni ˎÄ˜ȡǲǉːƤòˋ˞ĥ}ƻˊʫ

ˆ˃ (Golightly and Arancibia, 1979)ʩ˚˃̰Ser-II ˋ~ǜãː Ni, Fe ˦�˜ smectite

˞ǐȿʺˤˉʯˢ̰Ni�ľɸƣˊʫˣˋȉʮˡˤˣʩFig. 4.17e ˠˢ̰Ser-I ˋ smectiteː

Mg ˋ Ni ƘãˎˑɄːǀʀʱȱˡˤ̰ʸːʸˋʰˡ Ni ˑʸˤˡːǮ�ɸƣːEʔ'

˺˫̊ː Mg ˦ȇęʻˉʬˣˋȉʮˡˤˣʩ˚˃̰Fe ˋ Mg ˎˇʬˉ˞Ţːǀʀʱȱˡ

ˤ̰Fe ˞řɠ�ː Mg ˦ȇęʻˉʬˣˋȉʮˡˤˣʩ| Hill ˊ 1 ȽĨʾˇˋ̭̉̃ʱ

ʃ¼ƻˊʫˣʸˋʰˡ̰NiƘʊɸƣːƤ¼ˎˑˠˢʴːNiƘʊǬ¶ːȵÅ̰TŊʱ

ôȯˊʫˣʱ̰ʸʸˊˑ�Ńƻˎ Petea Hill ˋWillson Hillː SaproliteÎˎʯʶˣ Ni

Ƙʊɸƣˎ®ʲˍɨʬˑˍʴ̰�Îʰˡː Niǚeɳʱ SaproliteÎˎʯʶˣ NiƘʊ

ˎêʖ˦�ʮˉʬˣ{ȍøʱʣʬʩ  

 

4.5.4 Feːǚeˋ SaproliteÎˎʯʶˣ NiːƘʊ 

Supplementary TableS 4.2 ˠˢ̰Ni ʯˠ˓ Fe ːǚeɳˑʬʾˤː Hill ˎʯʬˉ˞

Ţː6˦ǒʻ̰ʸˤˡː?Ƕˑʟg̗̪̕˨˫̨˦ɞʻˉ�cʺˤˉʬˣʸˋʱǒʺˤ

˃ʩ˚˃̰ʸˤˡː6ːɿˎˑŢːǀʀʱȱˡˤˣʸˋʰˡ (Fig. 4.25)̰Feː�cɳʱ

ʬ Hillˎʯʬˉ Niː�cɳ˞ʣʴˍˣʸˋʱǒ�ʺˤ̰ʸˤˑAȤǋǠˊ �ʺˤ

ˉʬˣ;�ˋ˞ĥ}ƻˊʫˣ (Golightly, 2010)ʩʸːʸˋʰˡ̰ŃǋǠÆɃˎʯʬˉ˞

Niːǚe̬Ƙʊ̗̪̀˾ˎˑ Feːďeʱêʖ˦�ʮˉʬˣˋȉʮˡˤˣʩ 

Fe ~%'ˑɰgɬ?võˎˠˆˉ®ʲˍTW˦ǒʽʸˋʱǈˡˤˉʯˢ̰g¹ʟ

g˟�ªéăˎʯʬˉ Fe ʱ®ȲŜˎǚeʻˉʬˣ¡}̰Fe ~%'ˎ®ʲˍTWʱ
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ȱˡˤˣʸˋʱĿìʺˤˣʩʻʰʻˍʱˡ̰Dˉː̗̪̕˨˫̨ˎʯʬˉ®ʲˍ Fe ː�

cʱȿ˝ˡˤ˃ˎ˞ʀ˥ˡʾ̰δ56Fe6ː«eÛˑDȽĨɿˊ 0.28‰ˋʃ¼ƻˍ6˦

ǒʻ˃ (Supplementary TableS 4.3, Fig 4.26)ʩŃǋǠ˺˫̊ˎʯʶˣɰgɬ?Ƭ§ˎ

ˇʬˉˑ̰Petea Hill ˟ Konde Hill ːˠʭˎqʬʟgÎʱƸɧʻˉʬˣ�ɭː

SaproliteÎˎʯʬˉ˞ Fe3+ːūɰgƣˊʫˣ goethiteː¸�ʱǐȿʺˤˉʬˣʸˋʰ

ˡ̰ƀɭˎʯʬˉ˞ɰǶʱʫˣǜãŽɝʽˣɰgƻƬ§ˊʫˣʸˋʱ�ýʺˤˣʩʻ˃

ʱˆˉ̰ŃǋǠːȽĨˎʯʬˉ Fe ~%'TWʱʓÚˎÉʺʬǩ�ˊʫˆ˃ȯ�ˋʻ

ˉˑ̰FeʱŧÐʰˡƍSʻ˃íˎɟ˟ʰˎ Fe3+ˎɰgʺˤ̰goethiteˍˌːƍȷãː

&ʬɵūɰgƣˋʻˉůŦʽˣʸˋˎˠˢǚeʱŗǣˎYʃʺˤ˃˃˝ˊʫˣˋȉʮˡ

ˤˣʩʻʰʻˍʱˡ̰ʸː̗̪̀˾ˊˑ Petea Hillˎȱˡˤˣˠʭˍ Feː®ʲˍ�c˦ɀ

İˊʲˍʬʩ 

Petea Hill ˊˑ Fe ː�cɳʱ®ʲʬʸˋʰˡ̰�ː Hill ˠˢ˞ʴː Fe ʱǚeʻˉ

ʬˣˋȉʮˡˤˣʩδ56Fe 6ˑ-0.09–+0.08 ˊ̰̗̪̕˨˫̨�ˊːÛˑ Δ56Fe=0.17‰ˋ

Fe ~%'TWʱYʃʺˤˉʬ˃AȤǋǠˋ~ǜãˊʫˣʱ̰ʸˤˑŧÐʱ~ʼ

Willson Hill ˋũɓʽˣˋǱ 0.05‰®ʲʬʩʺˡˎ̰Petea Hillː δ56Fe6ˑ̰Limonite

ÎˎʯʬˉŧÐ (-0.02‰) ˠˢɒʬ6 (Ý� -0.08‰) ˦, Saprolite Îˎʯʬˉˑŧ

Ðˠˢɲʬ6 (Ý� +0.09‰) ˦ǒʽ;�ʱȱˡˤˣ (Fig. 4.26a)ʩ˚˃̰TWːǜã

ˑÉʺʬʱ̰~Śˍ;�ʱ Willson Hill ː̗̪̕˨˫̨ˎ˞ȱˡˤˣ (Fig. 4.26b)ʩ

Limonite Ḭ̂Saprolite Îˎʯʬˉ Fe ʱ�cʺˤˉʬˣʸˋ˦ȉāʽˣˋ̰ʸː Fe ~

%'TWː;�ˎˇʬˉˑšːŚˎȷɱˊʲˣʩ 

Fe ˑŧÐ�ː olivine˟ serpentine ˍˌː�šɸƣːƍȷˎˠˢ Fe2+ˋʻˉġSʺ

ˤˣʱ̰ȧÎːɰgƻˍƬ§ˎʯʬˉɟ˟ʰˎ goethitḛhematiteːŚˍ Fe3+ːūɰ

gƣ˞ʻʴˑɰgƣˋʻˉɰgůŦʽˣʩʟgːɢȤˎˠˢ̰ȧÎˎ�ªÎʱƸɧʽ

ˣˋ̰ľŠƣ˟ɵɬ?țˎˠˆˉʸˤˡːɵɸƣʱɭTƍȷʻ̰ɒʬ δ56Fe 6˦čˇ

ƍ¸ Fe2+ʱƭăʺˤˣ (e.g., Beard et al., 2003; Fantle and DePaolo, 2004)ʩPetea Hill
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ȧÎː TOCƘãˑ 0.30 wt%ˊWillson Hillː 0.15 wt%ˠˢ˞ʣʬ6˦ǒʻ˃ʸˋʰ

ˡ̰ľŠƣʱ Fe ːǚeˎʀ�ʻˉʬˣ{ȍøʱğčʺˤˣʩ˚˃̰ʸːƘãˑ

Watulabu Hillː 0.18 wt%˟ Konde Hillː 0.15 wt%̰Ussu Hillː 0.17 wt%ˋũɓʻ

ˉ˞ļ˞ʣʬʩ˚˃̢̰̭̍˱̩̋̍˩ː̦̦̈˫̊�ªȽĨ˦Ưʬˉ¿I¾ʢ˦Ȥˍˆ

˃AȤǋǠˊˑ̰�ªñƭƣˎˠˆˉ Fe, Mn ʱɬ?ƍȷʺˤˣʸˋʱ �ʺˤˉʯ

ˢ̰ŃǋǠ˺˫̊ˎʯʬˉ˞~Śˍvõʱƭʼˉʬˣ{ȍøˑʫˣʧ (Quantin et al., 

2002)ʩɒʬ δ56Fe6˦čˇƍ¸ Fe2+ˑʎūːŽɝˎˠˢ LimoniteÎ˖ɤ˒ˤˣʱ̰

ȧÎˑɰgƻˍƬ§ˎˍˢ˟ʽʬ˃˝̰ǚeʻ˃ Fe2+ˑ®ŪɰǶˋɟ˟ʰˎvõʻ

Dɰgʺˤˣʸˋˎˠˢ̰Limonite Îˊɒʬ δ56Fe 6ʱȱˡˤˣʩ˚˃̰�ª�ːūː

�ƿT×ˑʻ˒ʻ˒��Ɇˊʫˣʸˋʰˡ̰�ɭːƍ¸ Fe2+ˑʺˡˎ�ɭ˖ɤ˒ˤ̰

SaproliteÎˎXɧʻ̰LimoniteÎˋũɓʻ˟˟ɬ?ƻˍʓɰgƻƬ§ˎʯʬˉɭT

ɰgʺˤˣˋȉʮˡˤˣʩƞŠƻˍvõˎˠˢƍ¸ Fe2+ʱ Fe3+ːūɰgƣˎɰgůŦ

ʽˣ¡}ˑ Rayleigh TWˎˠˢ�ǀˎɲʬ~%'ʱƘʊʽˣʸˋʱǈˡˤˉʬˣ 

(e.g., Bullen et al., 2001)ʩʻ˃ʱˆˉ̰SaproliteÎˑɲʬ δ56Fe6˦ǒʻ˃ˋȉʮˡˤ

ˣʩˇ˚ˢ̰Limonite Îˎȱˡˤˣɒʬ δ56Fe 6ˑȧÎː�ªÎˎʯʶˣ Fe3+ūɰg

ƣ̰˞ʻʴˑɰgƣːɬ?ƍȷ˦ǒ�ʻˉʬˣˋȉʮˡˤˣʩ 

�ªːƀã̗̪̕˨˫̨ˎʯʬˉŃǋǠˋ~Śˎ Fe ~%'ʱʃ¼ƻˍTW 

(Δ56Fe<0.15‰) ˦ǒʻ˃AȤǋǠː̭̉̃˦ Fig. 4.26ˎ˚ˋ˝˃ʩʸˤˡː�ªˑ�

ȖƻˍéăƬ§ːƤòːɨʬˎˠˢ®ʲʴ 2 ˇː˶̨̭̗ˎTʞʺˤˣʩ�ˇƾˑ

cambisol (ȭȘœŋ�)ˋ laterite (̦̦̈˫̊) ˊʫˣʩʸˤˡˑɰgƻʰˇĒūøʱȗ

²ˊ�ƿĬ�˖ːūːǚeʱğɮƻˍƬ§ˊƸɧʽˣʩʸːŚˍƬ§ˎʯʬˉ Fe

~%'ːTWʱYʃʺˤˣȯ�ˋʻˉ̰Fe ˑɰgƻˍƬ§ˎʯʬˉˑ Fe3+ˋʻˉ¸

�ʽˣˋȉʮˡˤˣʱ̰goethite˟ hematiteːŚˎ Fe3+ːɰgƣ̰ūɰgƣːƍȷã

ʱ&ʴƍȷʻˎʴʬ̰˞ʻʴˑɸƣːƍȷˎˠˢ Fe ʱġSʺˤ˃¡}ˊ˞̰ʸːŚˍƬ

§ˊˑɟ˟ʰˎůŦʻ̰ǚŹˎˠˣ Fe ːǚe˦Yʃʽˣʸˋʱďʷˡˤˣ (e.g., 
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Wiederhold et al., 2007b; Poitrasson et al., 2008)ʩ�ˇƾˑ haplic greysol (ĵɞ˶̩˫

̨̂) ˋ stagnic combisol (8Əūă�ª) ˊʫˣʩ�ˇƾː˶̨̭̗ˎÆʻˉ̰ʸː

̃˫̗ː�ªˑūˎʡ�ʻˉʯˢɬ?ƻˍƬ§�ˊƸɧʽˣ (Wiederhold et al., 

2007a) ʩʸːŚˍʓɰgƻƬ§ˎʯʬˉˑ̰ɬ?ƻˍ Fe ːǚeʱƭʼˣʸˋʱėƇ

ʺˤ̰ǚeʽˣ Fe ˑ�Ȗƻˎɒʬ~%'ǹă˦˞ˇʱ̰AȤǋǠˎʯʬˉ Fe ~%

'ũʱʃ¼ƻˍ6˦ǒʻ˃ʸˋˑ�ª�ˊː Fe ːǚeʱŗǣˎYʃʺˤˉʬ˃ʸˋ

˦ǒʽʩˁː˃˝̰FeːǚeˑĤ mmǜãˊʫˢɬ?ƻˍ�ªˊʫˆˉ˞ Fe~%'

ũː6ˎŗǣˍÛʱȱˡˤˍʬ (Wiederhold et al., 2007a)ʩ 

ŃǋǠˑĒūøːʣʬɰgƻˍƬ§ʱý¼ʺˤˣʸˋʰˡ̰~%'TWːǜãʱ

ʃ¼ƻˍȯ�ˋʻˉˑ̰�ɚː�ˇƾː˶̨̭̗ˋ~Śˎȷɱʽˣʸˋʱˊʲˣʩʻʰ

ʻˍʱˡ̰ʸˤˡːAȤǋǠˊˑ̰Fe ~%'TW˄ʶˊˍʴ̰Fe ːǚeʱȱˡˤˉʬ

ˍʬʩ�Ĭˊ̰1.5.1 ˎɚ˗˃ˠʭˎ̰Ðǉʟg˟�ªéăɥǜˎʯʬˉ®ʲˍ Fe ~

%'TWʱȱˡˤˣːˑ̰ľŠƣ˟ñƭƣˎˠˣ FeːɭTɬ?ˋ Feːǚe˦#ʭ¡

}ˊʫˣʩŃǋǠˊ˞̰~Śˍvõˎˠˆˉ Feːǚe̬�cʱƭʼˉʬˣˋȉʮˡˤˣ

ʱ̰ţƴʽˣ Fe ːɳˎÆʻˉ Fe ǚeɳʱÉʺʬ˃˝̰Fe ː�cɳʱʝȝˎ®ʲʬ

Petea Hillˎʯʬˉː˛̰>%ˍTWʱȱˡˤ˃ˋȉʮˡˤˣʩ 

ʟgVĿˎŧÐ�ˊ Fe, Niː̙˾̊ɸƣˊʫˣ olivine˟ Ser-Iʱƍȷʻ̰Fe2+, Ni2+

ʱġSʺˤˣʩȧÎˑɰgƻˍƬ§ˊʫˣ˃˝̰Fe2+ˑ goethite ˟ hematite ˍˌː

Fe3+ːūɰgƣ˞ʻʴˑɰgƣˋʻˉɟ˟ʰˎɰgůŦʽˣʩʸːĳ̰Ni2+ˑ�ǅ̬G

ůˎˠˆˉFe3+ūɰgƣ�ˎxˢɗ˚ˤ̰ȧÎˎƴ˚ˣʩʺˡˎʟgʱɢȤʻ̰ȧÎˎ

�ªʱéăʺˤˣˋ̰ñƭƣ˟ľŠƣˎˠˆˉ Fe3+ūɰgƣʱɭTɬ?ƍȷʻ Ni2+

ˋɒʬ δ56Fe6˦˞ˇƍ¸ Fe2+ʱġSʺˤˣʩNi2+ˑʺˡˎ�Îː SaproliteÎ˖ǚe

ʻ̰Ser-II ːˠʭˍǮ�ɸƣ�ˎxˢɗ˚ˤ�¼ʺˤˣʩ˚˃̰�ɭˑ Fe2+ʱɰgůŦ

ʽˣʈˎxˢɗ˚ˤ LimoniteÎˎƴ˚ˣʩ 

LimoniteÎˎʯʬˉ Fe3+ūɰgƣˎxˢɗ˚ˤˉʬˣ NiːʴˑřɠIˎ¸�ʻ
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ˉʬˣʸˋʱ �ʺˤˉʬˣ (e.g., Dublet et al., 2012; Fan and Gerson, 2015)ʩʸː¡

}̰�ǅʻˉʬˣNiːŚˎÁıˎˑǚeʻˍʬ˃˝̰NiːJǚeˎˑ Fe3+ūɰgƣ

ːƍȷʱɲȯˊʫˣʩʺˡˎ̰ʸːvõˑȧÎːŽʠ)Ưˎũ˗ˉɟʬʸˋʱ�ýʺ

ˤˣ˃˝̰ʟgʱjTˎɢ˧˄̗̪̕˨˫̨ˊˑ̰Petea HillːŚˎ Fe�cɳˋ Ni�

cɳːũˎ�ʌʱȱˡˤˣŚˎˍˣˋȉʮˡˤˣ (Fig. 4.25)ʩʻ˃ʱˆˉ̰˫̫̋̎˼

˩ːŚˎ Ni ːǚeɳʱƘʊˎêʖ˦�ʮˣŚˍʟg̗̪̀˾ˎʯʬˉ Ni ʱǚe̬

ʣƘʊʽˣˎˑ̰ȧÎˎʯʶˣ Fe3+ūɰgƣːɬ?ƍȷʱɲȯˍȯ�ː�ˇˊʫˣ

ˋȉʮˡˤˣʩ˚˃̰LimoniteÎˎʯʶˣɒʬ δ56Fe6ʱ�ɭˊː NiʣƘʊ˦ǒʽʸ

ˋˑ�ȧʰˡĤ m ˋũɓƻŻɭˊː̭̉̃ːxðː˛ˊȗʬ˃˝̰LimoniteÎˎʯ

ʶˣʨ56Fe6ːTWˑ̰�íː NiƘʊÎːdƧƻˍĕŎĎśˋˍˢðˣ{ȍø˦Ǘ

˝ˉʬˣʩ�íˑ̰Ni ʣƘʊɭȧÎˎʯʶˣ δ56Fe 6̭̉̃ːČ@˦Ȥʬ̰Ďśˋʻ

ˉːľƯø˦ȼ.ʽˣʸˋˊ¾Ưg{ȍˊʫˣˋȉʮˡˤˣʩ˚˃̰˰̭˾̧̦̊˩˟̋

̜̍˱ˎȱˡˤˣˠʭˍ̰ʟgÎʱ Feˊˑˍʴ SiˎÄ˛̰Ni ˦ʣƘãˎ�˜ smectite

Î˦éăʽˣ clay ̃˫̗ː Ni ̦̦̈˫̊ɸáˎʯʬˉˑ̰ȧÎˎʯʶˣ Fe ːJǚe

ʱ NiːƘʊˎ®ʲʴÂ�ʻˍʬ{ȍøʱʫˣʩʻ˃ʱˆˉ̰ʸːˠʭˍ̃˫̗ː Ni ̦̈

̦˫̊ɸáˎˇʬˉ˞ɁŎʱôȯˊʫˣʩ 

 

4.5.5 Cr~%'ːTWˋɰgɬ?võ 

ŧÐː δ53Cr6ˑ-0.13–0.09‰ˋ˘˙~Śˍ6˦ǒʻ˃ʩ˚˃̰ʸˤˡː6ˑ�Ʋː

chromite˟ bulk silicate Earth ː6 (-0.082±0.065‰, -0.124±0.101‰; Schoenberg et 

al., 2008; Farkas et al., 2013) ˋ~Śˍ6ˊʫˆ˃ʩFarkas et al., 2013ˊˑȡǲÐgˎ

#ʬ̰δ53Cr 6ʱ¨cʽˣʸˋʱ �ʺˤˉʬˣʱ̰ŃǋǠȽĨˎʯʬˉˑ̰

harzburgite, ȡǲÐg harzburgite ɿˊÖˑȱˡˤˍʰˆ˃ʩʟgƣȽĨː δ53Cr 6

ˑ-0.44–+0.22‰ˋŧÐː δ53Cr 6ˎÆʻľþˍÖʱȱˡˤ̰ʟgˎˠˢ Cr ~%'ˑ

TW˦ǒʽʸˋʱTʰˆ˃ʩƤˎ̰Willson Hill ˑļÉ6ˋļ®6˦ǒʻ̰ļ˞®ʲˍ
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TWʱȱˡˤ˃ (Table 4.1, Fig. 4.28)ʩδ53Cr 6ːƀã«gˑ Hill ˎˠˆˉŚʪˊʫ

ˣʱ, Red Limonite Îˊ-0.44–+0.22‰ˋļ˞Ûʱȱˡˤ̰Ƥˎ̰ļȧÎȽĨˎʯʬˉ

ˑ Watulabu Hill ˦ʅʲ δ53Cr 6ʱ-0.41– -0.32‰ˋ®ʲˍTW˦ǒʻ̰ɒʬ6˦ǒʽ

;�ʱȱˡˤ˃ʩ�Ĭˊ̰Willson Hill ː 22-4 ˦ʅʲ SaproliteÎȽĨˊˑ̰δ53Cr6

ˑ-0.08– -0.03‰ˋʃ¼ƻˍ6˦ǒʻ̰˘˙TW˦ǒʺˍʬˋʬʭGɞː;�ʱȱˡˤ

˃ (Fig. 4.28)ʩMn-oxide Î˟ Yellow Limonite Îˊˑ-0.21– -0.01‰ˋ<ʰˎŧÐˋ

ːɨʬʱȱˡˤ˃ʩ 

ɊȚɵɆÐˎʯʶˣȯˍ Cr �ľɸƣˑ chromite ˊʫˢ̰�Ȗƻˎˑʍƍȷø

ɸƣˊʫˣʱ̰sʻʬʟgˎʺˡʺˤ˃¡}̰ƍȷʻ Cr ˑ Cr(OH)2+(aq)ˋʻˉġSʺˤ

ˣʩʸːƍ¸ Cr ˑʟgɥǜˎʯʬˉ(ˡʰːéˊ CrO42-ːˠʭˍ Cr6+ːg¹ǝˎɰ

gʺˤ̰�ª¬ˎɕɛʺˤˣʰ̰ɬ?ʺˤ Cr3+ˋʻˉ Fe-Alūɰgƣ˟Ǯ�ɸƣˎx

ˢɗ˚ˤ�¼ʺˤˣ (e.g., D'Arcy et al., 2016; Babechuk et al., 2017; Wille et al., 2018)ʩ

AȤǋǠˎʯʬˉ̰ʸːŚˍɰgɬ?võ˦#ʭ Cr ːǚe˟�šɸƣːƭăʯˠ

˓ˁˤˡ˖ːxˢɗ˛ʱƩ�ː�ªː δ53Cr 6ˎêʖ˦�ʮˉʬˣʸˋʱǈˡˤˉʯ

ˢ̰ɒʬ6ʰˡɲʬ6˚ˊ (-1.29–+0.5‰)̰Ûàʬ δ53Cr6ʱ �ʺˤˉʬˣ (Berger 

and Frei, 2014; Paulukat et al., 2015; D'Arcy et al., 2016; Novak et al., 2017; Wille et al., 

2018)ʩδ53Cr 6ˑ Cr3+ʰˡ Cr6+˖ːɰgˊˑ®ʲˍTW˦ǒʺˍʬʸˋʱǈˡˤˉʬ

ˣ (Izbicki et al., 2008; Zink et al., 2010)ʩ�Ĭˊ̰Cr6+ʰˡ Cr3+˖ːɬ?võˊˑ

δ53Cr6ˊĤ‰ǜãːTW˦ƭʼˣ (Ellis et al., 2002; Zink et al., 2010; Dossing et al., 

2011)ʩʟgˊˑ̰ɭTƻˍɰgɬ?võʱȆˢəʺˤˣʸˋˊ̰�ªÎː δ53Cr 6ˎ

êʖ˦�ʮˣˋȉʮˡˤˣʩ 

ʸˤˡːAȤǋǠ˦˔˚ʮˣˋ̰ʟgƣȽĨˎʯʬˉΔ53Cr=0.66‰ː«eʱȱˡˤ̰

?Ƕǚeã τCr,TiˑȧÎˎʯʬˉɄː6˦̰LimoniteÎˎʯʬˉˑŢː6˦ǒʻ˃ʸ

ˋʰˡ̰ŃǋǠ˺˫̊ˊˑ Crˑɰgɬ?võˎˠˢȧÎʰˡƍȷ̬ǚeʻ LimoniteÎ

ˎ�cʺˤˉʬˣˋȉʮˡˤˣʩWatulabu Hill˦ʅʴȧÎȽĨˊȱˡˤ˃ɒʬ δ53Cr6 
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(-0.41– -0.32‰) ˑ̰�šɸƣː chromite ˞ʻʴˑ�šƻˎƭăʻ˃ goethite�ː Cr

ʱƍȷʻ˃íˎ Cr6+ːg¹ǝˎɰgʺˤ̰ȧÎːľŠƣ˞ʻʴˑñƭƣˎˠˆˉJã

ɭTɬ?ʺˤ˃{ȍøʱʣʬʸˋ˦ǒ�ʻˉʬˣʩʸːʸˋˑ Fe ~%'TWːȷɱˋ

˞Ǉǁʻˍʬʩ˚˃̰ɭTɬ?ʺˤˍʰˆ˃ɲʬ δ53Cr 6˦čˇ Cr6+ː�ɭˑŽɝū

ˎˠˆˉ�ɭ˖ɤ˒ˤ̰goethite ˍˌː Fe ūɰgƣ˟ Mn ūɰgƣˎ�ǅʺˤˣʸ

ˋˊ Willson Hill ː 22-2 ˟ Watulabu Hill ː 20-3 ˎȱˡˤˣŚˍɲʬ δ53Cr 6 

(+0.22‰, +0.13‰) ˦˞ˇLimoniteÎʱéăʺˤ˃ˋȉʮˡˤˣʩ�Ḭ̆Cr6+ʱFe-Mn

ūɰgƣˎˠˆˉJãɭTɬ?ʺˤ˃¡}̰�ǀˑɒʬ~%' 52Cr ˎÄ˛̰20-22, 

22-3, 22-4 ːŚˎɒʬ δ53Cr 6˦čˇˋȉʮˡˤˣʩ˚˃̰Fe ~%'TŊːǻŌʰˡ

ǒ�ʺˤ˃ˠʭˎ̰Petea HillˊˑȧÎː�ªÎˍˌˊ Feɰgƣʱɬ?ʺˤˣʸˋˎˠ

ˢ̰Fe2+ʱƭăʺˤ̰ʸˤʱ Cr6+˦ɬ?ůŦʺʿˣʸˋˎˠˢ Cr ːǚeʱYʃʺˤ˃ː

ˎÆʻ̰Willson Hillˊˑ Fe2+ːƭăʱ Petea Hill˘ˌŸƸˊˑˍʰˆ˃ʸˋʱļ˞®

ʲˍTW˦ǒʻ˃ȯ�ˊʫˣˋȉʮˡˤˣʩʸːˠʭˎ̰Cr~%'TWˑɊȚɵɆÐː

ʟgɥǜˎʯʶˣɰgɬ?võ˦vĲʻˉʯˢ̰Fe ~%'TWˋ~Śˎ?Ƕːǚe

˟Ƙʊ̗̪̀˾ːƫȷˎľƯˊʫˣʸˋʱǒʺˤ˃ʩ 

 

4.5.6 ˁː�ː̩˩̨̞̃?ǶːƘʊ̗̪̀˾ 

Co̰Sc, PGE ˋʬˆ˃̩˩̨̞̃?Ƕˑ Ni ̦̦̈˫̊ɸáˎʯʬˉ^Ʈƣˋʻˉ�w

ʱĿìʺˤ̰ˁːƒ�ƻˍɾƸ{ȍøˎˇʬˉˑɘÞǋǠʱɢ˝ˡˤˉʬˣʩ4.5.1

ˠˢ̰Co ːďeˑ Mn ˋɯ$ʻˉʯˢ̰Mn-oxide Î˟ Mn ñƘʊÎˎʯʬˉÌąƻ

ˍƘʊ˦ǒʽʸˋʱǒʺˤ̰ʸˤˑAȤǋǠːǻŌˋ˞ĥ}ƻˊʫˣ (Butt and Cluzel, 

2013; Aiglsperger et al., 2015; Dublet et al., 2017)ʩ CoˑŧÐ�ˊˑ Co2+ˋʻˉ̰

ˎ olivine ˞ʻʴˑ serpentineˎ�˚ˤˉʬˣʱ̰ʟgˎˠˆˉ Co3+˟ Co4+ˎɰgʺˤ

ˣˋ asbolane˟ lithiophorite ˋʬˆ˃Mnūɰgƣˎxˢɗ˚ˤˣ (e.g., Dublet et al., 

2017)ʩʸˤˡˑ pHʱʣʬƬ§ˎʯʬˉůŦéăʱ1ɢʺˤˣ˃˝ (Golightly, 1981; 
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Freyssinet et al., 2005)̰Saprolite Î  (pH= ~8) ˟ʎĿˎ��ūʔʱ�įʽˣ

LimoniteÎ�ɭˎʯʬˉƘʊʱʝȝˊʫˣˋȉʮˡˤˣʩʻʰʻˍʱˡ̰Mnūɰgƣ

ˑ& pH (~5) ˊˑ̰ƍȷãʱʣʴ (Tokashiki et al., 2003)̰˚˃̰goethiteːˠʭˍ Fe3+

ɸƣˋũɓʻˉñƭƣˎˠˣɬ?võˎĢÿˊʫˣ˃˝ (Quantin et al., 2002)̰ʟg

ʱɢȤʽˣˋȧÎɭˎˑ2¸ʺˤˍʬˋȉʮˡˤˣʩʸːˠʭˎ̰Co ːďeˑˎ pH

ˋ Ehˎˠˆˉğɮʺˤˉʬˣˋȉʮˡˤˣʩ 

Sc Ƙãːƀã̗̪̕˨˫̨ˑDˉː Hill ˎʯʬˉ Al, Fe, Cr ˋʞ$ʻˉʯˢ̰ 

LimoniteÎˊƘã¨cʱʝȝˊʫˣʩSc3+ː˫˰̫kë 0.745 Åˑ Fe3+ː˫˰̫kë

0.645 Å ˋʞ$ʻˉʯˢ̰�ːʴː?Ƕˋ~Śˎ goethite �ː Fe3+˦ȇęʽˣʸˋˊ

Ƙʊʽˣʸˋʱǈˡˤˉʬˣ (e.g., Aiglsperger et al., 2016)ʩʻ˃ʱˆˉ̰ŃǋǠ˺˫̊

ˎʯʬˉ˞̰~Śˍ̗̪̀˾ˎˠˆˉƘʊʻˉʬˣˋȉʮˡˤˣʩ˚˃̰ŧÐ�ːƘã

ʱ®ʲʬ Hill ˎʯʬˉ̰ƘʊíːƘã˞ʣʬ;�ʱȱˡˤˣʸˋʰˡ̰Sc ːƘʊˎˑ

ŧÐːƘãʱ®ʲʴêʖʽˣˋȉʮˡˤˣʩ 

Pt, Pdˑ̰chromite˟ Feɰgƣ�ː PGMfľƣːˠʭˎǀÆƻˎʟgȋøːç

ʬɸƣˎ�˚ˤˣʸˋˊţƴƘʊʽˣ̗̪̀˾˟̰ɰgˎˠˆˉ PGM ˟ Fe-Ni ǎg

ƣʰˡġSʺˤ˃íˎ�šƭăƣː Fe-Mn ɰgƣ˖ːxɗ˛̰Mn ˟ľŠƣˎˠˣ

ɬ?ːˠʭˎJǚeʻƘʊʽˣ̗̪̀˾ː
Ĭʱêʖ˦�ʮˣˋȉʮˡˤˉʬˣ 

(Gray et al., 1996; Traore et al., 2008a; Aiglsperger et al., 2015; Aiglsperger et al., 2016)ʩ

˚˃̰Rivera et al. (2018) ˑɊȚɵɆÐǉưņː�ªéăˎʯʶˣɰgɬ?ːĎś

ˋʻˉ Cr~%'˦Ưʬ̰Fe-MnūɰgƣÎˎʯʬˉ PGEːƘʊˋɒʬ Cr~%'ũ

ʱȱˡˤˣʸˋ˦ �ʻ˃ʩʸˤˑ̰PGE ːǚe̬Ƙʊˎɰgɬ?võʱ®ʲʴʀ�ʻ̰

ˁˤˑʯˁˡʴ Fe-Mn ūɰgƣː¸�ˎˠˆˉğɮʺˤˣʸˋ˦ǒʻˉʬˣʩ˚˃̰

PGEƘãˋ δ53Cr6ˎˑɄːǀʀʱȱˡˤ̰PGEːļƘʊɭˊˑ δ53Cr6ʱɒʬ6

˦čˇʸˋ˦ǒʻ̰Cr~%'ʱ PGEƘʊːĎśˋˍˣʸˋ˦ǒʻ˃ʩ 

Pt+Pd ːƘãˑŧÐ�ˊ 5–37 ppb ˋÛʱȱˡˤ̰SaproliteÎˠˢ˞ LimoniteÎˎ
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ʯʬˉʣʬƘã˦ǒʽ;�ʱDˉː Hill ˊȱˡˤ˃ʩLimonite ÎˊːÝ�Ƙãˑ

52 ppbˊ̰Ƥˎ̰Watulabu Hillˊˑ 107 ppb ˋʣʬƘã˦ǒʻ˃ʩ�Ʋː Ni ̦̦̈˫

̊ɸáˎʯʶˣ PGEƘãˑʯˠˁ 100 ppb��˞ʻʴˑǛˎĤƺ ppbˎɧʽˣʩŃǋ

Ǡ˺˫̊ˊ˞~ǜãːƘʊʱȱˡˤ˃ʩʻʰʻˍʱˡ̰Pt+Pdː?Ƕǚeã τPt+Pd,Tiˑ̰

Watulabu Hillʯˠ˓ Konde HillˎʯʬˉɄː6˦ǒʻ̰Pt+Pdˑʟgˎˠˆˉ�cʺ

ˤˉʯˡʾ̰Ƙãː¨cˑţƴˎˠˣ˞ːˊʫˢ̰�ɭˑƍȑˎˠˢ±˥ˤˉʬˣˋȉ

ʮˡˤˣ (Fig. 4.20c–24c)ʩ�Ĭˊ̰Petea Hill, Willson Hill ˊˑ̰τPt+Pd,TiˑŢː6˦

ǒʻ˃ʩƤˎ̰ Mn-oxideÎ˞ʻʴˑMnñƘʊɭˎʯʬˉƘãʱ 74–75 ppb̰τPt+Pd,Ti

ˑ 1.19–8.17 ˋʝȝˍ¨cʱȱˡˤ˃ʩʸˤˡː Hill ˎʯʬˉˑ Pt, Pd ːƘʊˎ Mn

ūɰgƣʱʀ�ʻˉʬˣ{ȍøʱʣʬʩʻʰʻˍʱˡ̰ŃǋǠˊȱˡˤ˃ Pt, Pd ːƘ

ʊˋ δ53Cr6ˎǀʀˑȱˡˤʾ̰Cr~%'ũː«eˋ Pt, PdːƘʊːʀ0ˎˇʬˉ

ˑ̰ĻˍˣǋǠʱôȯˊʫˣʩ 

 

4.6 ǻɂ 

˫̫̋̎˼˩ː Ni ̦̦̈˫̊ɸáˎʯʶˣ Ni ƘãˑˎʟgÎːqʺˋ UMIA ʰ

ˡǒʺˤˣʟgːɢȤãˎʀ0ʻˉʯˢ̰ŧÐʱȡǲÐgʻˉʬˣ¡}̰ʟgãʱʣ

ʬ˘ˌ SaproliteÎˎʯʶˣ NiƘʊʱȿ˝ˡˤ˃ʩ�Ĭˊ̰ŧÐʱīʤˍ¡}̰ʟg

ãːʣʬ Hillː SaproliteÎˎʯʬˉˠˢ&ʬ NiƘãʱȿ˝ˡˤ̰ʸˤˑ�ɭˎqʬ

LimoniteÎʱƸɧʻ goethiteˍˌːɵūɰgƣ�ˎNiʱˋˢʸ˚ˤ̰SaproliteÎ˚ˊ

Xɧʽˣ Ni ːɳʱÊˍʬ˃˝ˊʫˣˋȉʮˡˤˣʩ˚˃̰?Ƕǚeã˦?ˎǧSʻ˃

Ʃ¸ːʟgÎ˖ː?Ƕǚeɳːũɓʰˡ̰ʟgãʱʣʬ˘ˌ FḛNi ˑʟgÎ˖ː

�cɳʱʴˍˣ;�˦ǒʻ̰Ƥˎ Petea Hill ˎʯʶˣ Fe, Ni �cɳˑŃǋǠ˺˫̊

˟ƠÙøŪ5�ˊƸɧʻ˃��ː Ni ̦̦̈˫̊ɸáˋũɓʻˉ˞̰>%ˎʣʴ̰ʟg

ˎˠˆˉˠˢʴː Fe, Niʱǚeʻˉʬˣʸˋʱǒʺˤ˃ʩ 

ŃǋǠ˺˫̊ˊȱˡˤ˃ δ56Fe6ː«eÛˑ 0.28‰ˋʃ¼ƻˊʫˣʸˋʱTʰˆ˃ʩ
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ʸˤˑĒūøːȗʬƠÙøŪ5�ˊˑ̰®ŪɰǶʱ�ª�ˎŽɝʻ˟ʽʴ̰�šɸ

ƣːƍȷˎˠˢġSʺˤ˃ Fe ːʴˑɟ˟ʰˎɰgʺˤƍȷãː&ʬ goethite ˟

hematiteˍˌː Fe(ū)ɰgƣˋʻˉůŦʽˣ˃˝ˊʫˣˋȉʮˡˤˣʩʻʰʻˍʱˡ̰®

ʲˍ Fe, Ni�cɳ˦ǒʻ˃ Petea Hillː δ56Fe6ˎˑƀãĬ�ˎǯǽƻˍ«gʱȱ

ˡˤ̰ʸˤˑ LimoniteÎːɒʬ δ56Fe6ˑȧÎɭˊľŠƣ˞ʻʴˑ Feɬ?țːŸe

ˍˌˎˠˆˉFeɸƣʱɭTɬ?ʺˤɒʬ δ56Fe6˦čˇƍ¸Fe2+ʱƭăʻ̰Limonite

ÎˎʯʬˉɰgůŦʻ˃ʸˋ˦ǒ�ʻ̰FeːJǚeˎˑȧÎˎʯʶˣ Feɸƣːɬ?

ƍȷʱêʖ˦�ʮˣˋȉʮˡˤˣʩ˚˃̰Fe ɸƣːɬ?ƍȷˎˠˢ̰Fe ɸƣ�ˎxˢ

ɗ˚ˤˉʬ˃ Ni ʱġSʺˤ̰�ɭː Saprolite Îˎǚeʽˣˋȉʮˡˤ, Ni ːǚe̬

Ƙʊ̗̪̀˾ˎʯʬˉȧÎˎʯʶˣľŠƣ˟ñƭƣˎˠˣ Fe ɸƣːɬ?ƍȷʱɲ

ȯˍȯ�ˊʫˣʸˋʱǒʺˤ˃ʩLimonite ÎˍˌːũɓƻŻɭˎʯʬˉɒʬ δ56Fe 6

ʱȱˡˤˣ¡}̰�ɭˊː Ni ʣƘʊːĕŎĎśˋˍˢðˣʸˋʱǒ�ʺˤ˃ʩɘÞ 

�ʺˤˉʬˣ̰Ðǉʟg˟�ªéăˎʯʶˣ Fe ~%'TWˎʀʽˣAȤǋǠ+ː

ʴˑʟgˎˠˆˉ Fe ʱě±ʽˣǯˎʀʽˣ˞ːˊʫˣ˃˝̰ŃǋǠˊðˡˤ˃ Fe

ʱ�cʺˤˣǯˎʀʽˣǈȱˑ̰g¹ʟgˎʯʶˣ Fe ːǚe˟~%'ːďeːȷ

İˎľƯˊʫˣˋȉʮˡˤˣʩʻʰʻˍʱˡ̰Ďśˋʻˉǐǡʽˣˎˑ̰Ni ʣƘʊÎ�

ɭˎʯʬˉɒʬ δ56Fe6ʱȱˡˤˣʸˋ˦ŕȻʽˣ̭̉̃ːČ@ʱôȯˊʫˣʩ 

ʟgÎˎʯʶˣ δ53Cr 6ˑ-0.44–+0.22‰ˋŧÐ (-0.13–-0.09‰) ˠˢTW˦ǒʻ˃

ʸˋʰˡ Cr ˑʟgˎʯʬˉɰgɬ?võ˦Ǻˉʬˣʸˋʱǒ�ʺˤ˃ʩ�Ĭˊ̰

SaproliteÎˎʯʬˉˑ δ53Cr6ˎ«eʱȱˡˤˍʰˆ˃ʸˋʰˡ̰CrːǚeˑȧÎɭ

ːŻʬǩ�ː˛ˎʃˡˤˉʬˣʸˋʱǒ�ʺˤ˃ʩƤˎ̰Willson HillːȧÎɭˊļ˞

®ʲˍTWʱȿ˝ˡˤ˃ʩʸˤˑ̰Petea Hill ːˠʭˎ Fe ~%'ʱTW˦ǒʽ¡}ˑ

Fe2+ʱƭăʻˉʯˢ̰Cr6+ʱɟ˟ʰˎɬ?ʺˤˣ˃˝ Cr ~%'ː«eʱÉʺʬʱ̰Fe 

~%'ʱÉʺˍTW˦ǒʻ˃Willson Hillˊˑ̰ȧÎɭˎʯʬˉ Fe2+ːƭăʱÊˍʬ

˃˝®ʲˍTW˦ǒʻ˃ˋȉʮˡˤˣʩʻ˃ʱˆˉ̰Cr ~%'ˑɊȚɵɆÐːʟgˎ
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ʯʶˣɰgɬ?võ˦ǒʽĎśˋʻˉľƯˊʫˣʩ 

Ni ̦̦̈˫̊ɸáˎʯʬˉ^ƮƣˋʻˉƭƮʱĿìʺˤˉʬˣ Sc ˟ Pt, Pd ːƘã

«g˟ǚeãˑ̰Fe, Al, Cr ˋ~Śˍ;�˦ǒʻ̰ˎʟgţƴăTˋʻˉƘʊʻˉ

ʬˣʸˋʱǒ�ʺˤ˃ʩ˚˃̰ƘʊíːƘãˑŧÐ�ːƘãʱʣʬ˘ˌ®ʲʴˍˣ;

�ʱʫˢ̰êʖ�¶ː�ˇˊʫˣˋȉʮˡˤˣʩ˚˃̰~Śˎ^ƮƣˋʻˉƭƮʱĿì

ʺˤˉʬˣ Co ˑ̰ʸˤˡː̩˩̨̞̃˟ Ni ˋDʴƷˍˣʸˋʱǒʺˤ˃ʩCo ːďeˑ

�Ńƻˎ Mn ˋɯ$ʻˉʯˢ̰Ƙʊˎˑ�šƻˍǚeˋ pH ː�įʱôȯˊʫˣˋȉ

ʮˡˤˣʩ 
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Table 4.1ʧ ȯ?Ƕǹă̰ñɳ?Ƕǹă̰TOC, pH̰UMIAʯˠ˓?Ƕǚeã (τj,Ti)̱ 
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Fig. 4.1 ˫̫̋̎˼˩̰SulawesiÒː%ȇ 

 

Indonesia

Sulawesi 
island



127 
 

 
Fig. 4.2 SulawesiÒː�Ɇ�ˋŃǋǠːɁŎ�ʯˠ˓ȽĨĔx˦Ȥˆ˃ HilḻǿȘˑ Bedrockʱ harzburgite
ː Hill˦̰ ʑȘˑ BedrockʱȡǲÐg harzburgiteː Hill˦ǒʽ. 
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Fig. 4.3ʧ SoroakoɸÏː�ȧƻˍ Block (West Block, East Block, Petea Block) ˋŃǋǠɁŎ˺˫̊ (Watulabu 
Hill, Konde Hill, Petea Hill). 

 

 

Fig. 4.4ʧ PomalaaɸÏː�ȧƻˍ Area (North Area, Central Area, South Area, Maniang Area) ˋŃǋǠɁŎ˺˫
̊ (Willson Hill). 
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Fig. 4.5 Figure 4.5 Watulabu Hillː (a) Red LimoniteÎːĪʔːŚ¶ˋȽĨĔx%ȇ (20-1ʰˡ 20-2) ʯˠ˓
�ȧƻˍȽĨKǄ, (b) Yellow LimoniteÎ��ːĪʔːŚ¶ˋȽĨĔx%ȇ (20-3ʰˡ 20-9-2) ʯˠ˓|Îː
�ȧƻˍȽĨKǄ. 
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Fig. 4.6 Konde Hillː (a) LimoniteÎːĪʔːŚ¶ˋȽĨĔx%ȇ (20-10-1ʰˡ 20-13) ʯˠ˓�ȧƻˍȽĨ
KǄ, (b) SaproliteÎ��ːĪʔːŚ¶ˋȽĨĔx%ȇ (20-14ʰˡ 20-17) ʯˠ˓|Îː�ȧƻˍȽĨKǄ. 
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Fig. 4.7 Petea HillːĪʔːŚ¶ˋȽĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ. 

 

Fig. 4.8 Ussu HillːĪʔːŚ¶ˋȽĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ. 
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Fig. 4.9 Willson HillːĪʔːŚ¶ˋȽĨĔx%ȇʯˠ˓|Îː�ȧƻˍȽĨKǄ. 

 

Fig. 4.10 BedrockȽĨːūTɳ (%). 
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Fig. 4.11 Watulabu Hillːƀã̗̪̕˨˫̨ (a) SiO2, MgO, Al2O3, Cr2O3, Fe2O3, (b) Ni, (c) MnO, CoO×10, (d) Sc, 
ΣREE, Pt+Pd, (e) pH, (f) ȯɸƣǹă (Hm hematite, Gt goethite, Chr chromite, Tlc talc, Qz quartz, Lit/Asb 
lithiophorite/asbolane, Sme smectite, Ser serpentine, Ol olivine, Opx orthopyroxene, Cpx clinopyroxene Hbl 
hornblende). 

 

 
Fig. 4.12 Konde Hillːƀã̗̪̕˨˫̨ (a) SiO2, MgO, Al2O3, Cr2O3, Fe2O3, (b) Ni, (c) MnO, CoO×10, (d) Sc, 
ΣREE, Pt+Pd, (e) pH, (f) ȯɸƣǹă (Hm hematite, Gt goethite, Chr chromite, Tlc talc, Qz quartz, Lit/Asb 
lithiophorite/asbolane, Sme smectite, Ol olivine, Opx orthopyroxene, Cpx clinopyroxene, Hbl hornbende). 
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Fig. 4.13 Petea Hillːƀã̗̪̕˨˫̨ (a) SiO2, MgO, Al2O3, Cr2O3, Fe2O3, (b) Ni, (c) MnO, CoO×10, (d) Sc, 
ΣREE, Pt+Pd, (e) pH, (f) ȯɸƣǹă (Gt goethite, Mgh/Chr maghemite/chromite, Gib gibbsite, Tlc talc, Qz 
quartz, Lit/Asb lithiophorite/asbolane, Sme smectite, Ser serpentine, Ol olivine, Opx orthopyroxene, Cpx 
clynopyroxene). 

 

 
Fig. 4.14 Ussu Hillːƀã̗̪̕˨˫̨ (a) SiO2, MgO, Al2O3, Cr2O3, Fe2O3, (b) Ni, (c) MnO, CoO×10, (d) Sc, 
ΣREE, Pt+Pd, (e) pH, (f) ȯɸƣǹă (Hm hematite, Gt goethite, Mgh/Chr maghemite/chromite, Gib gibbsite, 
Tlc talc, Qz quartz, Lit/Asb lithiophorite/asbolane, Sme/Chl smectite/chlorite, Ser serpentine, Ol olivine, Opx 
orthopyroxene, Hbl hornblende). 
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Fig. 4.15 Willson Hillːƀã̗̪̕˨˫̨ (a) SiO2, MgO, Al2O3, Cr2O3, Fe2O3, (b) Ni, (c) MnO, CoO×10, (d) Sc, 
ΣREE, Pt+Pd, (e) pH, (f) ȯɸƣǹă (Hm hematite, Gt goethite, Mgh/Chr maghemite/chromite, Gib gibbsite, 
Tlc talc, Qz quartz, Lit/Asb lithiophorite/asbolane, Sme/Chl smectite/chlorite, Ser serpentine, Ol olivine, Opx 
orthopyroxene, Hbl hornblende). 
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Fig. 4.16 (a)–(c) Watulabu Hill, (d)–(g) Konde Hill, (h)–(k) Petea Hill, (l), (m) Ussu Hill, (n)–(p) Willson Hillː
BedrockȽĨː7BʝñɼKǄ (ol: olivine, opx: orthopyroxene, chr; chrominte, ser: serpentine, mgt: magnetite, 
pn: pentlandite, TO: ɝɥB˰̭̗̫̍˹̨ TC: ɝɥB˵̪˾̍˹̨, RF: vÈB). 
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Fig. 4.17 SEMƱ= (a) Petea Hill ː BedrockȽĨ (20-26), (b) Willson Hillː BedrockȽĨ (22-8), (c) Petea 
Hillː SaproliteȽĨ (20-24), (d) Willson Hillː SaproliteȽĨ (22-6), (e) Ser-Iʯˠ˓ Ser-IIːMg, NiƘã. 
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Fig. 4.18 AF-S-M ̧̭̭̗̪̃̌̆̊. 

 

 
Fig. 4.19 Watulabu Hill, Konde Hill, Petea Hill, Willson HillːʟgÎqːũɓ (RL: Red Limonite, YL: Yellow 
Limonite, MO: Mn-oxide, Sa: Saprolite, BR: Bedrock)̱ 



139 
 

 
Fig. 4.20 Watulabu Hillː(a) Si, Mg, Al, Fe, Cr, (b) Ni, (c) Mn, Co, (d) Sc, ΣREE, Pt+Pdː?Ƕǚeãːƀã̗
̪̕˨˫̨. 

 
Fig. 4.21 Konde Hillː(a) Si, Mg, Al, Fe, Cr, (b) Ni, (c) Mn, Co, (d) Sc, ΣREE, Pt+Pdː?Ƕǚeãːƀã̗̪̕
˨˫̨. 
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Fig. 4.22 Petea Hillː(a) Si, Mg, Al, Fe, Cr, (b) Ni, (c) Mn, Co, (d) Sc, ΣREE, Pt+Pdː?Ƕǚeãːƀã̗̪̕
˨˫̨.  

 
Fig. 4.23 Ussu Hillː(a) Si, Mg, Al, Fe, Cr, (b) Ni, (c) Mn, Co, (d) Sc, ΣREEː?Ƕǚeãːƀã̗̪̕˨˫̨. 
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Fig. 4.24 Willson Hillː(a) Si, Mg, Al, Fe, Cr, (b) Ni, (c) Mn, Co, (d) Sc, ΣREE, Pt+Pdː?Ƕǚeãːƀã̗̪
̕˨˫̨. 
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Fig. 4.25 Fe ˋ Niːǚeɳːʀ0.̗̪̆̊ːȘˑŧÐːǝʞˎõʼˉ̰ɇ̳harzburgitḛʥ̳ȡǲÐg
harzburgitḛʥǿ̳ȡǲÐg dunitḛʑ̳ʰ˧ˡ˧Ð˦ǒʽ̱ 
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Fig. 4.26 δ56Fe6ːƀã̗̪̕˨˫̨ (a) Watulabu Hill, (b) Konde Hill, (c) Petea Hill, (d) Willson Hill, (e) Ussu 

Hill.  
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Fig. 4.27 Śʪˍ�ªːDÐː δ56Fe6.ʑȘː̭̑ˑ�ťːÝ� δ56Fe6˦ǒʽ (Poitrasson, 2006)̱AȤǋ
Ǡˑˁˤ˂ˤ˱̨̞̭̫ (P-2008, Poitrasson et al., 2008), �� (L-2004, Liu et al., 2014), ̦̫̕˾ (F-2013, 
Fekiacova et al., 2013), ̋˫̇ (Wiederhold et al., 2007b), ˾˫˾ (Wiederhold et al., 2007a), ˫˾̦ˮ̨ (E-
2005, Emmanuel et al., 2005), ̕˪̧̫̔ (L-2017, Li et al., 2017) ˊ �ʺˤˉʬˣ6˦ǒʻ˃̱ 
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Fig. 4.28 Watulabu Hill, Konde Hill, Petea Hill, Willson Hillː CrƘãˋ δ53Cr6ːʀ0. 
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Fig. 4.29 δ53Cr6ːƀã̗̪̕˨˫̨ (a) Watulabu Hill, (b) Konde Hill, (c) Petea Hill, (d) Willson Hill. 
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4.7 Supplementary  

Supplementary TableS 4.1� EPMA��� Petea Hill�Willson Hill� bedrock�	��������� saprolite�	 Ni�
����������� 

 

 

Willson
22-8

wt% Olivine-1 Olivine-2 Olivine-3 Olivine-4 Olivine-5 Olivine-1 Enstatite-1 Enstatite-2 Enstatite-3 Enstatite-1 Enstatite-2 Enstatite-3 Diopside-1 Diopside-2 Diopside-3 Diopside-4 Diopside-5 Diopside-6 Diopside-7 Diopside-8 Chr-1 Chr-2 Chr-1 Chr-2
TiO2 b.d. b.d. 0.03 0.04 0.003 0.01 0.06 0.05 0.02 0.02 b.d. 0.01 0.03 0.08 0.03 0.03 0.08 0.04 0.04 0.06 0.04 0.06 0.09 0.08
MnO 0.12 0.05 0.09 0.08 0.15 0.08 0.09 0.18 0.14 0.14 0.08 0.15 0.06 0.08 0.01 0.12 0.10 0.11 0.12 0.06 0.25 0.19 0.24 0.23

Cr2O3 b.d. 0.03 b.d. 0.03 0.01 b.d. 0.63 0.96 0.67 0.76 0.77 0.59 1.13 1.11 1.05 1.05 1.05 1.28 1.57 1.31 34.3 34.4 36.0 36.9
CaO 0.03 0.03 0.02 0.003 0.01 0.02 1.20 4.40 0.67 1.40 1.22 1.72 24.3 23.8 24.2 11.7 24.3 24.2 23.9 23.7 b.d. b.d. b.d. b.d.

Na2O b.d. 0.05 0.04 b.d. 0.02 0.01 b.d. b.d. 0.07 0.03 0.01 0.01 b.d. 0.01 b.d. 0.01 b.d. 0.03 b.d. b.d. 0.05 b.d. 0.03 b.d.
MgO 44.2 45.4 44.5 50.8 51.0 40.7 41.3 31.8 33.6 26.6 26.7 26.5 20.7 21.4 21.1 33.2 20.8 23.5 17.6 17.2 15.8 15.8 12.1 12.2

Al2O3 b.d. b.d. b.d. b.d. 0.01 b.d. 2.55 3.59 2.94 2.48 2.60 2.22 3.34 3.19 2.97 3.32 3.10 3.49 4.11 3.69 31.7 31.4 27.1 26.8
SiO2 41.4 42.4 40.1 42.5 42.6 42.2 56.0 55.4 55.9 55.6 57.0 55.8 53.4 52.3 56.9 55.0 58.2 53.4 50.1 51.1 b.d. 0.01 b.d. 0.1
K2O 0.002 0.01 b.d. 0.002 b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. 0.01 0.004 b.d. b.d. 0.01 b.d. b.d. 0.02 b.d. 0.01 b.d. 0.02 0.02

Fe2O3 6.10 4.83 6.56 10.41 10.05 9.10 6.23 6.25 6.88 5.96 6.18 5.77 2.09 2.14 2.15 5.03 2.04 1.99 2.69 2.47 18.15 18.78 17.0 16.9
NiO 0.30 0.40 0.35 0.37 0.39 0.36 0.04 0.09 0.07 0.18 0.11 0.12 0.05 0.09 0.08 0.06 b.d. 0.05 0.06 0.11 0.06 0.19 0.16 0.11
total 92.2 93.2 91.7 104.2 104.2 92.5 108.2 102.7 101.0 93.1 94.6 93.0 105.2 104.2 108.5 109.6 109.6 108.0 100.2 99.6 100.3 100.9 92.7 93.3

Petea
20-24

wt% Ser-1 Ser-2 Ser-3 Ser-4 SerI-1 SerI-2 SerI-1 SerI-2 SerI-3 SerII-1 SerII-2 SerII-3 SerII-4 SerII-5 SerII-6 SerII-1 SerII-2 Sme-1 Sme-1 Sme-2 Sme-3 Sme-4 Qz+Gh-1 Qz+Gh-2
TiO2 0.01 0.01 0.05 0.03 b.d. 0.02 0.02 b.d. 0.04 0.04 b.d. 0.02 0.01 0.02 b.d. 0.02 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. 0.02
MnO 0.14 0.08 0.13 0.02 0.11 0.08 0.06 0.06 0.06 0.02 0.01 0.05 0.02 0.06 0.04 0.21 0.06 0.17 0.17 0.05 0.06 0.04 0.01 0.01

Cr2O3 0.70 0.01 0.48 b.d. 0.42 0.001 0.06 0.05 0.01 b.d. 0.04 0.05 0.07 0.03 0.99 0.01 0.02 b.d. b.d. b.d. 0.04 0.16 0.04 0.02
CaO 0.03 0.01 4.07 0.02 0.02 0.03 0.003 0.002 b.d. 0.02 0.01 0.02 0.03 0.04 0.01 0.01 0.01 0.03 0.03 0.02 0.01 0.05 0.004 0.01

Na2O 0.03 b.d. 0.04 b.d. b.d. 0.02 b.d. 0.02 b.d. 0.01 0.08 0.09 0.07 b.d. b.d. 0.10 0.07 0.04 0.04 0.09 0.04 0.06 b.d. b.d.
MgO 42.3 36.3 32.3 36.2 27.8 28.9 34.1 34.6 37.0 34.2 35.8 25.7 24.4 26.8 28.0 29.1 28.6 19.5 19.5 23.8 19.9 10.6 0.14 0.25

Al2O3 1.53 0.24 2.54 0.10 0.45 0.06 0.06 0.06 0.05 0.43 0.60 1.22 1.87 1.74 2.11 0.38 0.15 0.30 0.30 0.20 0.28 0.31 0.06 2.38
SiO2 37.3 40.5 41.4 41.2 41.1 40.3 36.4 38.3 38.7 38.9 37.2 42.7 42.7 43.8 39.1 35.5 39.1 46.9 46.9 42.9 40.8 46.6 95.8 91.5
K2O b.d. b.d. b.d. 0.01 0.002 0.01 0.002 0.01 b.d. b.d. b.d. 0.03 0.01 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. 0.02 0.02

Fe2O3 7.95 8.15 7.02 5.96 7.27 7.86 8.58 6.14 4.89 9.54 11.0 12.9 12.7 14.7 10.1 12.9 12.5 15.9 15.9 12.9 14.9 22.1 1.08 2.02
NiO 0.07 0.20 0.02 0.08 0.08 0.26 0.50 0.36 0.86 4.83 3.97 7.64 7.48 6.56 3.66 2.92 3.27 3.20 3.20 4.34 6.79 3.86 0.12 0.09
total 90.0 85.5 88.1 83.7 77.3 77.5 79.9 79.6 81.7 88.0 88.6 90.5 89.3 93.8 84.0 81.1 83.8 86.1 86.1 84.3 82.8 83.8 97.2 96.3

b.d.: below detection limit

Willson
22-6

Petea
20-24

Willson
22-8

Petea
20-24

Willson
22-620-26

Willson
22-8

Willson
22-6

Petea
20-26

Petea
20-26

Willson
22-8

Petea
20-26

Petea

Petea
20-26
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Supplementary TableS 4.2ǐ L Hill Ǯ%ŰķŅǱǗǜȂ�Ŷ$ŗǗǿǴ¡Ʋ$ŗǲ$ŗŁ;Ʋ.  

 
  

Country Site Hill Bedrock Si Ti Al Fe Mn Mg Ca Na K P Sc V Cr Co Ni Cu Zn

(kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)

Watulabu harzburgite -3711 0 38 1473 304 -5145 -83 7 -1 0 0 0 84 14 90 -1 4

Konde harzburgite -6346 0 468 6955 29 -16323 -309 48 -2 -1 1 4 324 5 331 -3 5

Petea serpentinized harzburgite -8555 0 455 10647 402 -12982 -534 36 -2 -1 0 3 266 47 1208 1 13

Pomalaa Willson serpentinized harzburgite -6126 0 137 1338 77 -9343 -143 25 -3 2 0 1 105 9 304 2 4

Outcrop Ussu serpentinized harzburgite? -7130 0 133 777 21 -8923 -129 -2 -3 0 0 1 81 3 66 7 5

West Block harzburgite -4473 3 66 2246 74 -6521 -81 - - - - - 66 10 132 - -

Petea serpentinized harzburgite -4877 3 195 4049 107 -8242 -0.2 - - - - - 117 11 166 - -

Fu et al. (2014) Indonesia Kolonodale serpentinized peridotite -1187 0 -40 103.83 -2.9 -2631.7 -143 -9.2 -1.3 -0.5 -197 - 2.48 0.14 170 - -

Cuba Moa Bay Punta Gorda deposit serpentinized harzburgite -4719 0 110 457 26 -6290.3 -74.8 0 0 0 0 0 13.6 4.73 27 0 0

Loma Caribe deposit serpentinized dunite 5550 0 425 6177 221 1829.4 -351 - - 2.15 0.91 - 205 34.6 1137 - -

Loma Peguera deposit serpentinized dunite 3577 0 189 3955 76.9 -820.64 -366 - - 0.98 0.51 - 39.9 7.17 549 - -

Schellman (1989) Burma Tagaung Taung serpentinized harzburgite -9087 0 -17 -631 -193 -13037 61 -344 -51 - - - - -3.2 283 - -

Dominica
Aiglsperger et al. (2016)

Falcondo

this study

Soroako

Soroako

Indonesia

IndonesiaSufriadin et al. (2011)



149 
 

Supplementary TableS 4.3ǐ LžÊǲ δ56Fe . 

 
  

Hill Sample Type δ56Fe 2σ

(‰) (‰)

20-1 RL -0.02 ± 0.01

20-2 RL -0.02 ± 0.04

20-3 RL 0.17 ± 0.04

20-4 YL -0.02 ± 0.06

20-5 MO -0.04 ± 0.03

20-6 MO -0.11 ± 0.03

20-7 Sa -0.11 ± 0.03

20-8 Sa 0.08 ± 0.05

20-9-1 Sa -0.03 ± 0.05

20-9-2 BR -0.01 ± 0.02

20-10-1 RL 0.02 ± 0.05

20-10-2 RL -0.01 ± 0.02

20-11 YL 0.09 ± 0.01

20-12 YL 0.06 ± 0.03

20-13 YL 0.00 ± 0.03

20-14 Sa 0.06 ± 0.04

20-15 Sa -0.01 ± 0.02

20-17 BR 0.04 ± 0.02

20-18 RL -0.02 ± 0.02

20-19 Yl -0.11 ± 0.04

20-20 YL -0.09 ± 0.04

20-21 YL -0.03 ± 0.03

20-22 MO -0.10 ± 0.03

20-23 Sa -0.02 ± 0.03

20-24 Sa 0.08 ± 0.03

20-25 Sa 0.03 ± 0.02

20-26 BR -0.02 ± 0.03

21-1 RL 0.02 ± 0.14

21-2 RL 0.01 ± 0.10

21-3 YL 0.04 ± 0.06

21-4 Sa 0.03 ± 0.06

21-5 Sa 0.07 ± 0.06

21-6 BR -0.02 ± 0.26

22-1 RL 0.02 ± 0.02

22-2 RL 0.01 ± 0.04

22-3 YL -0.03 ± 0.03

22-4 Sa 0.01 ± 0.06

22-5 Sa 0.09 ± 0.02

22-6 Sa 0.05 ± 0.04

22-7 Sa 0.06 ± 0.05

22-8 BR 0.05 ± 0.05

Petea

Willson

Konde

Watulabu

Ussu
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Supplementary TableS 4.4ǐ LžÊǲ δ53Cr . 

 

  

Hill Sample Type δ53Cr 2SE
( ‰) (‰)

20-1 RL 0.03 ± 0.03
20-2 RL -0.06 ± 0.07
20-3 RL 0.13 ± 0.13
20-4 YL -0.06 ± 0.07
20-5 MO -0.02 ± 0.08
20-6 MO -0.04 ± 0.05
20-7 Sa -0.03 ± 0.06
20-8 Sa -0.05 ± 0.07

20-9-1 Sa -0.08 ± 0.09
20-9-2 BR -0.09 ± 0.08

20-10-2 RL -0.35 ± 0.06
20-12 YL -0.09 ± 0.05
20-14 Sa -0.04 ± 0.04
20-17 BR -0.08 ± 0.07
20-18 RL -0.32 ± 0.06
20-19 Yl -0.01 ± 0.06
20-20 YL -0.16 ± 0.06
20-21 YL -0.03 ± 0.07
20-22 MO -0.19 ± 0.06
20-24 Sa -0.05 ± 0.06
20-25 Sa -0.07 ± 0.07
20-26 BR -0.13 ± 0.06
22-1 RL -0.41 ± 0.05
22-2 RL 0.22 ± 0.07
22-3 YL -0.21 ± 0.04
22-4 Sa -0.44 ± 0.04
22-6 Sa -0.03 ± 0.06
22-8 BR -0.08 ± 0.15

Petea

Willson

Konde

Watulabu
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Supplementary Fig.S 4.1 ŐÝžÊǲ XRDȦșȹȷ. 
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Ŋ5Ň śƄ 

ÞķŅǭǳȻŲ�ĦhǱǗǜȂƴǗǿǴ¡Ʋ$ŗǲaĤ?sİº;ǲĥŹȅĳ

İǮǠȻƵ��ûǗǿǴǌ?Ƶ�ȅķŅ~ƊǮǠǬȨȈȹȴȠƃæǮ?s.ãȅŰǩ

ǦǑ��ǱǤȃǥȃǲŇǱǪǔǬǹǮǼȂǮ'ǱȻÞķŅǲśƄȅƛǶȂǑ 

Ŋ 2 ŇǭǳȻĦhžÊǲ Fe ǗǿǴ Cr N��.ãǲǦǼǲØƧǰ4,ĥǗǿǴ

.ã´āǲƸĮȅŰǩǦǑNiȲȝȲȉȟƵ�ǲö�ȻRed LimonitežÊǗǿǴ JP-1Ǳ

~ǠȻǎĎǎ_.ŹȻȭȉȐȶȊȋȹȩ.ŹȻ7ĝȺƑǅĂ.Ç.ŹǲĭǰȂ 3 Ǫǲ

´āȅĩǔǦēŹwǍȅŰǩǦśäȻǔǣȃǲžÊǱǗǔǬǽǎĎǎ_.ŹāǱǗ

ǔǬȻ100±10%ǲŎ[ǱǗǟǹȂǎǔ$ŗXHĢǙ�ȀȃȻĦhžÊǲ&ēŹǱØ

ǽƧǠǦēŹāǮǠǬǎĎǎ_.ŹāȅĸņǠǦǑǟȀǱȻĦhžÊǲǎŒ�CrN�

�.ã´āǮǠǬȻ50Cr-54Cr ȗȦȉȐȅ�ŴǠȻNIST979ȅĩǔǬ TIMSǱǿȁçóȅ

ŰǰǔN��øȅþvǠǦǑǟȀǱȻ�ŴǠǦȚȩȴȗȦȉȐȅĩǔǬ.ãǠǦ JP-1ǲ

N��Ś±Ǚƀ�ǲŎ[ (±0.09‰) ǭ�ũǢȂǝǮȅĸſǠȻȚȩȴȗȦȉȐāǱǿ

Ȃ CrN��.ã´āȅĸņǠǦǑǦǧǠȻÞķŅǭǳðĒğƏǮǠǬǳ JP-1 ǲ�Ń

ǋǲǺǠǘêżǠǬǗȀǣȻǹǦȻȚȩȴȗȦȉȐǲċ7ƲǙØƧƲǱ~ǠA.ł�

ǮƢ�ǭǓǩǦǝǮǘȀȻȚȩȴȗȦȉȐǲŒ�ĸſǮØƧ?Ǳǳêżǲ�aǙǓȂǙȻ

ǝǲ´āǳ Ni ȲȝȲȉȟƵĶǲǺǰȀǣȻȗȧȤȴƵğǲïǰǂēŹ¨ƵğȅlǛP

ǻïǒǰ�ĶǾƵĶȻ�ĔžÊǲ4,ĥÌāǮǠǬ1ĩǟȃȂǝǮǙÛ�ǟȃȂǑ 

Ŋ 3ŇǭǳȻREEƵ�ƸĮǱǗǜȂĦh�ǆŽ�ǲȒȹȗȗșȞȈǮǠǬȻƢEǱ

REEƵğǲŴƶǙŰȄȃǬǗȁȻģ`ǭǽREEȅPǻưƵğǲŴƶǙŰȄȃǬǔȂ

ȭȵȹȕȇȻIpoh �ǗǿǴǤǲSƘǱǗǔǬĦh�ǆŽ�ȅŰǩǦǑĀ�ûǲ?s

Ś±ǘȀȻSƘǲĀ�ǾĐǲûƏǳ�Ǳö�ǲaƏsİà�ǱǿǩǬÃƫǟȃǬǔ

Ȃ�ÌǭȻưƵğŴƶ�gǘȀØǽƚǔ Tributary S ǲ�ąbǲûƏǳ�ǔ pH Ǯǎ

ǔ Feę�Ǯ REE, Th, Uę�ǭĠ¢�ǜȀȃȂĚİǰ�ǆȅJǜǬǔȂǝǮȅÑȀ

ǘǱǠǦǑǟȀǱȻ�ĔžÊȻĀ�ûžÊȻǗǿǴeńğžÊǲ REEȦșȹȷȻPbǗ
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ǿǴ Fe N��Ś±ǲǋ�¨ǿȁȻĚİǰ�ǆȅǽǦȀǠǦýåđǙưƵğŴƶ�

gǲ�ĔgǘȀǲĕăûǭǓȂǝǮȅĺǠǦǑ��ǲśäǿȁȻǝȃȀǲaĤ?sİ¹

ðǙ REEŴƶǱǿȂýåǲ¹ðǮǠǬÙĩǭǓȂǝǮǙĺǟȃǦǑ 

ǹǦȻTributary SǭǳȻFe, REE, Th, UȅPǻlǛǲýåğƏǲę�ǳ pHǲ�Ð

Ǳ�ǔ�ąŔ1.5 kmǲŎ[ǭč�ǠǦǑeńğȻ°ĘğƏǲSEMŸ{ǲśäǘȀȻ

ǝǲýåabǭǳ FeûƬ?ğǲÿõ�±ǙǊŬǭǓȂǝǮǙĺǟȃǦǑFeN��.

ãǲśäǘȀȻTributary S ǲ�ąǭŷȀȃǦ δ56Fe ǙƋǱȕȨȟǢȂ"OǳȻĕăû

�ǲēr 2� FeǲěñİǰƬ?ÿõǱǿȂN��:äǱƐYǢȂKŧ¨ǙǎǔǙȻ

ǝȃǳ Rayleigh .0ȱȞȴǱǿȂŻō Ǯǳ�ũǠǰǘǩǦǑǝȃǳȻƬ?ÿõǱǿ

ȁħ±ǠǦ�ƪǲ Fe ûƬ?ğǙȓȶȉȠǮǠǬĀ�ǲ�ąǵƖƜǟȃǬǔȂ�ǆǮ

ǠǬŹƯǢȂǝǮǙǭǚǦǑTributary S ǲ�ąǱǗǜȂSƘĀ�Ǿa�ûǱǿȂ�Ư

ǲ�ǆȅţ®ǠǦ?sİƽE:ĢǲŻōśäǘȀȻTh, U, REEs ǲę�Ǚč�ǢȂ

�ǰŶYǳȻ?sG§ǱǿȂŨĜĆ?ǭǓȂǝǮȅÑȀǘǱǠǦǑǹǦȻ&�ǲƽE:

ĢǳȻTh > U > REEsǲǈǱč�ǢȂǙȻǝȃȀǲ$ŗǲ pH�Ðǵǲ§ŌǳĭǰȂǑ

TAO·-ǮaĤ?sȱȞȳȷȑǲśäǿȁȻThǳ thoriganite Ǯ Th(OH)4ǲ�ƹ�ǮǠ

Ǭÿõȅ�±ǢȂǝǮǱǿȁĀ�ûǘȀƽEǟȃȂKŧ¨ǙǎǔǙȻU ǱǪǔǬǳ Fe

ûƬ?ğǵǲQĴǱǿǩǬĀ�ûǘȀƽEǟȃǬǔȂKŧ¨ǙǎǔǝǮȅĺǠǦǑǹ

ǦȻFeN��.ãǲśäǘȀĺVǟȃǦǿǕǱȻ�ƪǲ Uǳ Fe ȓȶȉȠǱǿȂƖƜǱ

ǪǔǬǽţ®ǢȂ¤ŶǙǓȂǑǝȃȀǲG§ǳwƿǱ REE ŴƶǱǿǩǬýåȅJǜ

ǦabǱǗǔǬǽNïǱƐǝȁ�ȂǦǼȻREEȦșȹȷǾ PbȻFeN��ǮǔǩǦaĤ

?sİ¹ðǾÞķŅǭ�ȀȃǦĵŷǳREEƵ�ƸĮǱǗǜȂĦh�ǆŽ�ǱÙĩ

ǭǓȂǮţǖȀȃȂǑ 

Ŋ 4 ŇǭǳȻȉȷȠȤȕȇǲ Ni ȲȝȲȉȟƵ�ǱǗǜȂ Ni ę�ǳ�Ǳǌ?�ǲD

ǟǾ UMIA ǭĺǟȃȂǌ?�Ǳƺ�ǠǬǗȁȻö�Ǚůŕ�?ǠǬǔȂgMȻǌ?�

ǙǎǔǷǯ Saprolite�ǱǗǜȂNięǁǙſǼȀȃǦǑ�ÌǭȻö�ǙËǏǰgMǳ
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ǝǲ"OǙŷȀȃǣȻǤǲŶYǮǠǬǳ Limonite �ǙBƒǠ Ni ǳ goethite �ǱIȁ

ƙǹȃ Saprolite�ǹǭ2ƤǢȂ NiǲƲǙ�ǰǔǝǮǙţǖȀȃȻNiǲǎęǁǙŷȀ

ȃȂ Saprolite�ǲ�±ǱǳȻö�ǲůŕ�?Ǯǌ?�ǙưŶǭǓȂǝǮǙĺǟȃǦǑ

ǹǦȻ$ŗŁ;ƲǲøƔǘȀȻǌ?�ǙǎǔǷǯ FeȻNi ǳǌ?�ǵǲ�7ƲǙlǛ

ǰȂ"OȅĺǠȻĠǱ Petea HillǱǗǜȂ Fe, Ni�7ƲǳÞķŅȔȉȟǾ%ŰķŅǮ

øƔǠǬǽȻ#�ǱǎǛȻǌ?ǱǿǩǬǿȁlǛǲ Fe, Ni ǙŁ;ǠǬǔȂKŧ¨ȅĺǠ

ǦǑǹǦȻƵğ?sŚ±.ãǲśäǘȀȻSaprolite �ǱǗǔǬ Ni ǙǎęǁǠǬǔȂ

Petea Hill ǮWillson Hillǲ�Ŷǰ NiǲȫȗȟƵğǳȻǯǨȀǽ Niȅ 3–8 wt%ǮlǛP

ǻǌ?ǱǿǩǬħ±ǠǦ Ser-IIǭǓȁȻNiǲȫȗȟƵğǲƥǔǙŷȀȃǰǔǝǮǘȀǽȻ

Niǲęǁ�ǲƥǔǳǌ?ǱǿȂ NiǲŁ;ƲǭǓȂǝǮǙĺVǟȃǦǑ 

ÞķŅȔȉȟǲö�ǗǿǴǌ?�ǲ δ56Fe ǲ.0ǳƻvİǭǓȁȻ%ŰķŅǭf

RǟȃǬǔȂȻĝ�¨ú��ǲǌ?ǭŷȀȃȂN��.0ǲł�ǮNł�ǭǓǩǦǑ

ǝȃǳȻ¼û¨ǲŪǔĝ�¨ú��ǭǳȻmúƬŗǙ^i�ǱĉƝǠǾǢǛȻ�ò

ƵğǲēŹǱǿȁÅ-ǟȃǦ Fe ǳƞǾǘǱƬ?ǟȃēŹ�ǲ�ǔ goethite Ǿ

hematiteǰǯǲ Fe(û)Ƭ?ğǮǠǬÿõǢȂǦǼǭǓȂǮţǖȀȃȂǑǠǘǠǰǙȀȻm

ǚǰ Fe, Ni�7ƲȅĺǠǦ Petea Hillǲ δ56Fe ǱǳĊ�ÌOǱœŜİǰk?Ǚŷ

ȀȃǦǑLimonite�ǲƓǔ δ56Fe ǳȻŲ�ǲ^i�ǱǗǔǬÙñğǽǠǛǳ¡ħğ

Ǳǿȁ Fe ƵğǙƪ.ƨ$ǟȃħ±ǟȃǦƓǔ δ56Fe  ȅ¸Ǫēr Fe2+ǙȻLimonite

�ǱŁ;ǠƬ?ÿõǠǦǝǮȅĺVǠǬǗȁȻǝǲǝǮǘȀ Fe ǲ*Ł;ǱǳŲ�ǱǗ

ǜȂ Fe Ƶğǲƨ$ēŹǙưŶǭǓȂǮţǖȀȃȂǑǹǦȻFe Ƶğǲƨ$ēŹǱǿȁȻ

FeƵğ�ǱIȁƙǹȃǬǔǦ NiǙÅ-ǟȃȻ�ƪǲ Saprolite�ǱŁ;ǢȂǮţǖȀ

ȃ, NiǲŁ;ȸęǁƢłǱǗǔǬŲ�ǱǗǜȂÙñğǾ¡ħğǱǿȂ FeƵğǲƨ$

ēŹǙưŶǰŶYǭǓȂǝǮǙĺǟȃǦǑǝǲǿǕǱ Limonite �ǰǯǲøƔİćƪǱ

ǗǔǬƓǔ δ56Fe ǙŷȀȃȂgMȻ�ƪǭǲ Niǎęǁǲ¾æ¹ðǮǰȁ�ȂǝǮǙ

ĺVǟȃǦǑ 
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ǹǦȻǌ?�ǱǗǜȂ δ53Cr  Ǚ.0ȅĺǠǦǝǮǘȀȻCr ǳǌ?ǱǗǔǬƬ?ƨ

$G§ǱǿȁŁ;ǠǬǔȂǝǮǙĺVǟȃǦǑǳ Saprolite�ǭ Δ=0.05‰ǮǷǸk;Ǚ

ŷȀȃǰǔ�ÌǭȻLimonite �ǳ Δ=0.63‰Ǯmǚǰ.0ȅĺǠǦǑĠǱ*Ų�ƪǭ

ǳȻǯǲ Hill ǱǗǔǬǽƋǲ ȅĺǠƓǛǰȂǝǮǙĺǟȃǦǑǝȃǳȻö��ǭ�Ǳ

ȗȧȤȴƵğ�Ǳ Cr3+ǮǠǬr`ǢȂ Cr ǙȻØŲƪǱǗǔǬ Cr6+Ǳ��Ƭ?ǟȃȻ

ƪ.ƨ$ǟȃǬǔȂǝǮȅĺǢǑǠǘǠǰǙȀȻǝǲǿǕǰN��.0ǳ Limonite �ƪ

ǱƻȀȃȂǝǮǘȀȻ?sǌ?ǱǗǜȂ Cr ǲƬ?ƨ$G§ǱǿȂŁ;ǳøƔİćƪ

ǲǺǭƐǝǩǬǔȂǮţǖȀȃȂǑǹǦȻFe ǲN��Ǚ.0ȅĺǠǦ Petea Hill ǭǳȻ

CrN��ǲ.0ł�ǳ�ǟǛȻǝȃǳēr Fe2+ǲr`Ǳǿȁ Cr6+ǮǠǬǲŁ;Ǚ3ƻ

ǟȃǬǔȂǦǼǮţǖȀȃȂǑ 

Ni ǲŁ;Ȼęǁǳ Fe ǲº;Ǳ�ǆȅJǜȂǝǮǙĺVǟȃǦǙȻCoȻScȻPGE Ǯ

ǔǩǦ Ni ȲȝȲȉȟƵ�ǱǗǔǬÙĩǰ�ǲȵȇȰșȴ$ŗǳĭǰȂŶYǱǿǩǬº

;ǙÃƫǟȃǬǔȂǝǮǙÑȀǘǱǰǩǦǑCoǳ&ǬǲȔȉȟǱǗǔǬ Mn Ǯǋ�ǠǦ

º;ȅĺǠȻLimonite �ǲ�ƪǭ�³İǰęǁȅĺǠǦǝǮǘȀȻpH ǲ�ÐǱǿǩǬ

Ƭ?ÿõǠǦ Mn ûƬ?ğǱIȁƙǹȃȂǝǮǭęǁǢȂǝǮǙĺVǟȃǦǑSc ǳ Fe

Ǿ Al Ǯǋ�ǠǦº;ȅĺǠȻLimonite �ǱǗǔǬęǁȅĺǠȻgoethite �ǲ Fe ȅş

ÁǢȂǝǮǭęǁǠǬǔȂǮţǖȀȃȂǑǹǦȻ�òİǰŁ;ǳǷǮȆǯǰǛ�ǱôĬ

ğǮǠǬęǁǢȂǮţǖȀȃȂǑPt, Pd ǳøƔİǌ?ť¨ǲǎǔ chromite �Ǳ PGM

ƵğǮǠǬ>ÙǟȃǬǗȁȻôĬğǮǠǬęǁǢȂǝǮǙĺVǟȃǦǙȻ$ŗŁ;�ǳ

Mn ęǁ�ǱǗǔǬǎǔ ȅĺǠǦǝǮǘȀȻ�ƪǳƬ?ǱǿǩǬ�ƪǵŁ;Ǡ Mn

ęǁƪǱǗǔǬƨ$ǟȃ�òİǱęǁǠǬǔȂǮţǖȀȃȂǑCo Ǿ Pt, Pd ǳƬ?ƨ

$G§ǱǿǩǬǤǲº;ǙmǚǛÃƫǟȃȂǝǮǘȀȻƬ?ƨ$G§ȅGÓǢȂ Cr N

��ǙŁ;ȸęǁȪȶȘȗǲĥŹǱÙĩǭǓȂKŧ¨ǙǓȂǑ 

ÞķŅǭǳȻƵĶǾ^iǲǿǕǰǂēŹ¨ƵğǾ�Č$ŗȅlǛPǻĦhžÊǲ

FeȻCrN��ďvǱƧǠǦ4,ĥǗǿǴ.ãāȅĸņǠǦǑǹǦȻFeǗǿǴ CrN�
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�.ãǙƵ�ûǾǌ?Ƶ�ǗǔǬȻǤǲƐđǾ?sȪȶȘȗǲĥŹǱÙĩǭǓȂǝ

ǮȅĺǠǦǑN��.0ǘȀĺVǟȃǦ Fe ǲº;ǮǤǲ�ǲaĤ?sİ¹ðǗǿǴ

aĤ?sȱȞȳȷȑǱǿȂĥƄŻōǲśäȅŞMİǱŹƯǢȂǝǮǭȻǝȃȀǲĦh

ǱǗǔǬ FeǳlǛǲ¡Ʋ$ŗǲŁ;ǾęǁȪȶȘȗǱ�ǆȅ�ǖȂǝǮȅÑȀǘǱǠ

ǦǑĠǱ Fe ǲěñİǰƬ?ÿõǮŲǄQĴG§ǳ¡Ʋ$ŗǲýåûǘȀǲƽEǾ

ȓȶȉȠǮǠǬƦÌǵǲƖƜǱȻƴƵğǲÙñİǰƨ$ēŹǳǌ?Ƶ�Ǿ^iǭ

ǲ¡Ʋ$ŗǲÅ-ȻŁ;Ǳƺ�ǢȂǝǮȅĺǠǦǑǹǦȻ3 ŇǗǿǴ 4 ŇǭƛǶǦǿǕ

ǰ 2 ǪǲĭǰȂĦhǱǗǜȂȒȹȗȗșȞȈǘȀȻFe Ǳº;ǙÃƫǟȃǬǔȂ$ŗǮ

Ǥǲ�ǲŶYǱ�ǆȅJǜȂ$ŗȅm0ǢȂ
ǙǭǚǦǑ 

FeǱº;ǙÃƫǟȃǬǔȂ$ŗǳ Sc, Ni, U, REEǭǓȁȻǝǲǕǨ Sc Ǯ Niǳ'ÿ

G§ǱǿǩǬȻU Ǯ REEǳQĴG§ǱǿǩǬ FeƵğǱ\vǟȃǬǔǦǑǝȃǳȻSc3+

Ǯ Ni2+ǳƬ?ÈǮȉȍȷA�Ǚ Fe Ǯǋ�ǠǬǔȂǦǼȻîƟ)ǱIȁƙǹȃǾǢǔǝ

ǮǱƐYǠǬǔȂǮţǖȀȃȂǑUǾ REEǳ FeǿȁǽmǚǰȉȍȷA�ȅ¸ǪǦǼȻFe

Ƶğ�ǵǲIȁƙǺǳǷǸħǡǰǔǙȻēŹ�ǙǎǛērŃǮǠǬr`ǢȂǦǼ pH

Ǚ�ÐǢȂǝǮǱǿȁ Fe ûƬ?ğŲǄǱQĴǟȃȂǑ�ÌǭȻNi ȲȝȲȉȟƵ�ǭǳ

MnǾ CoǲęǁǙĸſǟȃǦǙȻǝȃȀǳ Feǲº;ǮǳĭǰȂ
ǙÑȀǘǮǰǩǦǑ

Ni ǮNïǱ 2�ǲƾȉȍȷǮǰȂMn Ǯ Coǳ 4ƫ�ȅIȂǦǼȻFeûƬ?ğǾƬ?

ğ�ǭ 6 ƫ�ǲ Fe3+ȅşÁǢȂ
ǙǭǚǰǔǑǠǘǠǰǙȀȻMn Ƭ?ğǙÿõǢȂ

ǿǕǰ�ȇȴȎȳ¨��ǲ pH ĦhǱǗǔǬǳȻCo Ǿ REE ǱŷȀȃǦǿǕǱȻMn Ƭ

?ğǙ¡Ʋ$ŗǲº;ȅÃƫǢȂKŧ¨ǙǓȂǑNïǱ CuǾ Zn ǲǿǕǱ 4ƫ�ȅ

ǮȂ$ŗǳȻŲ�ĦhǱǗǔǬ Fe ǙlǛr`ǢȂĦhǭǽǤǲ�ǆǳ�ǟǔ
Ǚ	

ďǟȃȂǑƑūƴƏ�Ķ�Ǳǳ Cu ǗǿǴ Zn ǳì¡ƲǭǓȂǙȻĈ�ȭȷȏȷƵ�

ǲǿǕǱ Cu, ZnǙƉzǱr`ǢȂĦhǭǳȻMnǲº;ǙưŶǰŶYǮǰȂKŧ¨Ǚ

ǎǔǑǝǲǿǕǱȻ'rǢȂ¡Ʋ$ŗǲº;Ǚ Fe ǱǿǩǬ�ǆȅJǜȂǘǳȻdÞİ

ǱȉȍȷA�Ǿ�ÈȻƫ�ÈǮǔǩǦ¡Ʋ$ŗǲğĥ?sİ¨ƏǱdǫǚƁÑǫǜ



159 
 

ȀȃȂǑǹǦȻAlǾ ThǲǿǕǱ�¨ǉbǱǗǔǬǃ�ǱēŹ�ǲ�ǔ$ŗǳÿõ�

±ǱǿǩǬº;ǙÃƫǟȃǬǗȁȻpH ǲǿǕǰĦhŶYǱǪǔǬǽţ®ǢȂ
ǭȻl

Ǜǲ¡Ʋ$ŗǲº;ǙƁÑǫǜȀȃǦǑ��ǿȁȻÞķŅǳ FeǾ CrǰǯǲƳ�N�

�ǳę�Ǿ$ŗǲ?s�ǮǔǩǦ´āǘȀǭǳŹÑǙZǂǭǓȂȻŲ�ĦhǱǗ

ǜȂƴǮ¡Ʋ$ŗǲaĤ?sİº;ǲĥŹǱÙ:ǭǓȂǝǮȅĺǠǦǑ  



160 
 

�ĩÉġ 
Aiglsperger, T. et al., 2016. Critical metals (REE, Sc, PGE) in Ni laterites from Cuba 

and the Dominican Republic. Ore Geology Reviews, 73: 127-147. 

Aiglsperger, T. et al., 2015. Platinum group minerals (PGM) in the Falcondo Ni-laterite 
deposit, Loma Caribe peridotite (Dominican Republic). Mineralium Deposita, 
50(1): 105-123. 

Akafia, M.M., Reich, T.J., Koretsky, C.M., 2011. Assessing Cd, Co, Cu, Ni, and Pb 
Sorption on montmorillonite using surface complexation models. Applied 
Geochemistry, 26: S154-S157. 

Anderson, S.P., Dietrich, W.E., Brimhall, G.H., 2002. Weathering profiles, mass-balance 
analysis, and rates of solute loss: Linkages between weathering and erosion in a 
small, steep catchment. Geological Society of America Bulletin, 114(9): 1143-
1158. 

Appelo, C.A.J., Postma, D., 2005. Geochemistry, Groundwater and Pollution. CRC 
Press, Boca Raton, FL. 

Appelo, C.A.J., Van der Weiden, M.J.J., Tournassat, C., Charlet, L., 2002. Surface 
complexation of ferrous iron and carbonate on ferrihydrite and the mobilization 
of arsenic. Environmental Science & Technology, 36(14): 3096-3103. 

Ayrault, S. et al., 2012. Lead contamination of the Seine River, France: Geochemical 
implications of a historical perspective. Chemosphere, 87(8): 902-910. 

Babechuk, M.G., Kleinhanns, I.C., Schoenberg, R., 2017. Chromium geochemistry of 
the ca. 1.85 Ga Flin Flon paleosol. Geobiology, 15(1): 30-50. 

Baes, C.F., Mesmer, R.E., 1976. The Hydrolysis of Cations. Krieger Publishing 
Company, Malabar, FL. 

Bau, M., Dulski, P., 1996. Anthropogenic origin of positive gadolinium anomalies in 
river waters. Earth and Planetary Science Letters, 143(1-4): 245-255. 

Baumann, N., Brendler, V., Arnold, T., Geipel, G., Bernhard, G., 2005. Uranyl sorption 
onto gibbsite studied by time-resolved laser-induced fluorescence spectroscopy 
(TRLFS). Journal of Colloid and Interface Science, 290(2): 318-324. 

Beard, B.L., Johnson, C.M., 1999. High precision iron isotope measurements of 
terrestrial and lunar materials. Geochimica Et Cosmochimica Acta, 63(11-12): 
1653-1660. 

Beard, B.L., Johnson, C.M., 2004. Fe isotope variations in the modern and ancient earth 
and other planetary bodies. In: Johnson, C.M., Beard, B. L.,  Albarede, F. (Ed.), 
Geochemistry of Non-Traditional Stable Isotopes. Reviews in Mineralogy & 
Geochemistry. Mineralogical Society of America and Geochemical Society, 
Washington, DC, pp. 319-357. 

Beard, B.L. et al., 1999. Iron Isotope Biosignatures. Science, 285(5435): 1889. 



161 
 

Beard, B.L. et al., 2003. Application of Fe isotopes to tracing the geochemical and 
biological cycling of Fe. Chemical Geology, 195(1-4): 87-117. 

Beard, B.L., Johnson, C. M., 2004. Fe Isotope Variations in the Modern and Ancient 
Earth and Other Planetary Bodies. Reviews in Mineralogy & Geochemistry, 55. 
Mineralogical Society of America. 

Berger, A., Frei, R., 2014. The fate of chromium during tropical weathering: A laterite 
profile from Central Madagascar. Geoderma, 213: 521-532. 

Berger, V.I.S., Bliss, D.A., Moring, J.D., Barry, C., 2011. Ni-Co laterite deposits of the 
world, USGS Eastern Mineral and Environmental Resources Science Center. 

Bergquist, B.A., Boyle, E.A., 2006. Iron isotopes in the Amazon River system: 
Weathering and transport signatures. Earth and Planetary Science Letters, 248(1-
2): 54-68. 

Bollhofer, A., Rosman, K.J.R., 2000. Isotopic source signatures for atmospheric lead: 
The Southern Hemisphere. Geochimica et Cosmochimica Acta, 64(19): 3251-
3262. 

Bollhofer, A., Rosman, K.J.R., 2001. Isotopic source signatures for atmospheric lead: 
The Southern Hemisphere. Geochimica et Cosmochimica Acta, 65: 1727-1740. 

Bonnand, P., Parkinson, I.J., Anand, M., 2016. Mass dependent fractionation of stable 
chromium isotopes in mare basalts: Implications for the formation and the 
differentiation of the Moon. Geochimica Et Cosmochimica Acta, 175: 208-221. 

Bonnand, P., Parkinson, I.J., James, R.H., Karjalainen, A.M., Fehr, M.A., 2011. 
Accurate and precise determination of stable Cr isotope compositions in 
carbonates by double spike MC-ICP-MS. Journal of Analytical Atomic 
Spectrometry, 26(3): 528-535. 

Borrok, D.M. et al., 2009. Application of iron and zinc isotopes to track the sources and 
mechanisms of metal loading in a mountain watershed. Applied Geochemistry, 
24(7): 1270-1277. 

Borrok, D.M. et al., 2007. Separation of copper, iron, and zinc from complex aqueous 
solutions for isotopic measurement. Chemical Geology, 242: 400–414. 

Boynton, W.V., 1985. Cosmochemistry of the rare earth elements: Meteorite studies. In: 
Henderson, P. (Ed.), Rare Earth Element Geochemistry. Developments in 
Geochemistry 2. Elsevier, Amsterdam, pp. 115-152. 

Brand, N.W., Butt, C.R.M., 2001. Weathering, element distribution and geochemical 
dispersion at Mt Keith, Western Australia: implication for nickel sulphide 
exploration. Geochemistry: Exploration, Environment, Analysis, 1(4): 391-407. 

Brantley, S.L. et al., 2004. Fe isotopic fractionation during mineral dissolution with and 
without bacteria. Geochimica Et Cosmochimica Acta, 68(15): 3189-3204. 

Braun, J.H., Baidins, A., Marganski, R.E., 1992. TiO2 pigment Technology: a review. 
Prog. Org. Coatings 20: 105–138. 



162 
 

Brimhall, G.H., Dietrich, W.E., 1987. CONSTITUTIVE MASS BALANCE 
RELATIONS BETWEEN CHEMICAL-COMPOSITION, VOLUME, 
DENSITY, POROSITY, AND STRAIN IN METASOMATIC 
HYDROCHEMICAL SYSTEMS - RESULTS ON WEATHERING AND 
PEDOGENESIS. Geochimica Et Cosmochimica Acta, 51(3): 567-587. 

Bullen, T.D., White, A.F., Childs, C.W., Vivit, D.V., Schulz, M.S., 2001. Demonstration 
of significant abiotic iron isotope fractionation in nature. Geology, 29(8): 699-
702. 

Butt, C.R.M., Cluzel, D., 2013. Nickel Laterite Ore Deposits: Weathered Serpentinites. 
Elements, 9(2): 123-128. 

Carvalho-E-Silva, M.L. et al., 2003. Incorporation of Ni into natural goethite: An 
investigation by X-ray absorption spectroscopy. American Mineralogist, 88(5-6): 
876-882. 

Castorina, F. et al., 2013. The fate of iron in waters from a coastal environment 
impacted by metallurgical industry in Northern Italy: hydrochemistry and Fe-
isotopes. Applied Geochemistry, 34: 222-230. 

Chakhmouradian, A.R., Wall, F., 2012. Rare Earth Elements: Minerals, Mines, Magnets 
(and More). Elements, 8(5): 333-340. 

Chen, J.B., Busigny, V., Gaillardet, J., Louvat, P., Wang, Y.N., 2014. Iron isotopes in the 
Seine River (France): Natural versus anthropogenic sources. Geochimica et 
Cosmochimica Acta, 128: 128-143. 

Cornell, R.M., Schwertmann, U., 2003. The iron oxides: structure, properties, reactions, 
occurrences and uses. John Wiley & Sons. 

Croal, L.R., Johnson, C.M., Beard, B.L., Newman, D.K., 2004. Iron isotope 
fractionation by Fe(II)-oxidizing photoautotrophic bacteria. Geochimica Et 
Cosmochimica Acta, 68(6): 1227-1242. 

Crosby, H.A., Roden, E.E., Johnson, C.M., Beard, B.L., 2007. The mechanisms of iron 
isotope fractionation produced during dissimilatory Fe(III) reduction by 
Shewanella putrefaciens and Geobacter sulfurreducens. Geobiology, 5(2): 169-
189. 

D'Arcy, J., Babechuk, M.G., Dossing, L.N., Gaucher, C., Frei, R., 2016. Processes 
controlling the chromium isotopic composition of river water: Constraints from 
basaltic river catchments. Geochimica Et Cosmochimica Acta, 186: 296-315. 

Dang, D.H., Novotnik, B., Wang, W., Georg, R.B., Evans, R.D., 2016. Uranium Isotope 
Fractionation during Adsorption, (Co)precipitation, and Biotic Reduction. 
Environmental Science & Technology, 50(23): 12695-12704. 

Dauphas, N., John, S.G., Rouxel, O., 2017. Iron Isotope Systematics. In: Teng, F.Z., 
Watkins, J., Dauphas, N. (Eds.), Non-Traditional Stable Isotopes. Reviews in 
Mineralogy & Geochemistry. Mineralogical Soc Amer & Geochemical Soc, 
Chantilly, pp. 415-510. 



163 
 

Dauphas, N., Rouxel, O., 2006. Mass spectrometry and natural variations of iron 
isotopes. Mass Spectrometry Reviews, 25(4): 515-550. 

Davis, J.A., Meece, D.E., Kohler, M., Curtis, G.P., 2004. Approaches to surface 
complexation modeling of uranium(VI) adsorption on aquifer sediments. 
Geochimica et Cosmochimica Acta, 68(18): 3621-3641. 

Dold, B., 2003. Dissolution kinetics of schwertmannite and ferrihydrite in oxidized 
mine samples and their detection by differential X-ray diffraction (DXRD). 
Applied Geochemistry, 18(10): 1531-1540. 

Dong, W.M., Brooks, S.C., 2006. Determination of the formation constants of ternary 
complexes of uranyl and carbonate with alkaline earth metals (Mg2+, Ca2+, 
Sr2+, and Ba2+) using anion exchange method. Environmental Science & 
Technology, 40(15): 4689-4695. 

Dossing, L.N., Dideriksen, K., Stipp, S.L.S., Frei, R., 2011. Reduction of hexavalent 
chromium by ferrous iron: A process of chromium isotope fractionation and its 
relevance to natural environments. Chemical Geology, 285(1-4): 157-166. 

Dublet, G. et al., 2017. Vertical changes of the Co and Mn speciation along a lateritic 
regolith developed on peridotites (New Caledonia). Geochimica Et 
Cosmochimica Acta, 217: 1-15. 

Dublet, G. et al., 2015. Goethite aging explains Ni depletion in upper units of ultramafic 
lateritic ores from New Caledonia. Geochimica Et Cosmochimica Acta, 160: 1-
15. 

Dublet, G. et al., 2012. Ni speciation in a New Caledonian lateritic regolith: A 
quantitative X-ray absorption spectroscopy investigation. Geochimica Et 
Cosmochimica Acta, 95: 119-133. 

Dzombak, D.A., Morel, F.M.M., 1990. Surface complexation modeling: hydrous ferric 
oxide. John Wiley & Sons, New York, 393 pp. 

Egal, M. et al., 2008. Iron isotopes in acid mine waters and iron-rich solids from the 
Tinto-Odiel Basin (Iberian Pyrite Belt, Southwest Spain). Chemical Geology, 
253(3-4): 162-171. 

Ellis, A.S., Johnson, T.M., Bullen, T.D., 2002. Chromium isotopes and the fate of 
hexavalent chromium in the environment. Science, 295(5562): 2060-2062. 

Emmanuel, S., Erel, Y., Matthews, A., Teutsch, N., 2005. A preliminary mixing model 
for Fe isotopes in soils. Chemical Geology, 222(1-2): 23-34. 

Fan, R., Gerson, A.R., 2015. Synchrotron micro-spectroscopic examination of 
Indonesian nickel laterites. American Mineralogist, 100(4): 926-934. 

Fantle, M.S., Bullen, T.D., 2009. Essentials of iron, chromium, and calcium isotope 
analysis of natural materials by thermal ionization mass spectrometry. Chemical 
Geology, 258(1-2): 50-64. 

Fantle, M.S., DePaolo, D.J., 2004. Iron isotopic fractionation during continental 



164 
 

weathering. Earth and Planetary Science Letters, 228(3-4): 547-562. 

Farkas, J. et al., 2013. Chromium isotope variations (delta Cr-53/52) in mantle-derived 
sources and their weathering products: Implications for environmental studies 
and the evolution of delta Cr-53/52 in the Earth's mantle over geologic time. 
Geochimica Et Cosmochimica Acta, 123: 74-92. 

Faure, G., 1991. Principles and applications of inorganic geochemistry. Macmillan 
Publishing Company. 

Fekiacova, Z., Pichat, S., Cornu, S., Balesdent, J., 2013. Inferences from the vertical 
distribution of Fe isotopic compositions on pedogenetic processes in soils. 
Geoderma, 209: 110-118. 

Freyssinet, P., Butt, C.R.M., Morris, R.C., Piantone, P., 2005. Ore-forming processes 
related to lateritic weathering. Economic Geology, 100th Anniversary Vol.: pp. 
681–722. 

Froideval, A. et al., 2006. Uranyl sorption species at low coverage on Al-hydroxide: 
TRLFS and XAFS studies. Geochimica Et Cosmochimica Acta, 70(21): 5270-
5284. 

Fu, W. et al., 2014. Mineralogical and geochemical characteristics of a serpentinite-
derived laterite profile from East Sulawesi, Indonesia: Implications for the 
lateritization process and Ni supergene enrichment in the tropical rainforest. 
Journal of Asian Earth Sciences, 93: 74-88. 

Galer, S.J.G., 1999. Optimal double and triple spiking for high precision lead isotopic 
measurement. Chemical Geology, 157(3-4): 255-274. 

Gleeson, S.A., Herrington, R.J., Durango, J., Velasquez, C.A., Koll, G., 2004. The 
mineralogy and geochemistry of the Cerro Matoso SA Ni laterite deposit, 
Montelibano, Colombia. Economic Geology, 99(6): 1197-1213. 

Golightly, J.P., 1981. Nickeliferous laterite deposits. Economic Geology, 75th 
Anniversary Vol.: pp. 710–735. 

Golightly, J.P., 2010. Progress in understanding the evolution of nickel laterites. The 
Challenge of Finding New Mineral Resources: Global Metallogeny, Innovative 
Exploration, and New Discoveries, 15, 451-485 pp. 

Golightly, J.P., Arancibia, O.N., 1979. THE CHEMICAL COMPOSITION AND 
INFRARED SPECTRUM OF NICKEL- AND IRON-SUBSTITUTED 
SERPENTINE FROM A NICKELIFEROUS LATERITE PROFILE, 
SOROAKO, INDONESIA. Canadian Mineralogist, 17: 719-728. 

Gosselin, D.C., Smith, M.R., Lepel, E.A., Laul, J.C., 1992. RARE-EARTH 
ELEMENTS IN CHLORIDE-RICH GROUNDWATER, PALO-DURO BASIN, 
TEXAS, USA. Geochimica Et Cosmochimica Acta, 56(4): 1495-1505. 

Gray, D.J., Schorin, K.H., Butt, C.R.M., 1996. Mineral associations of platinum and 
palladium in lateritic regolith, Ora Banda Sill, Western Australia. Journal of 
Geochemical Exploration, 57(1-3): 245-255. 



165 
 

Grenthe, I. et al., 1992. Chemical thermodynamics of uranium, 1. North-Holland 
Amsterdam. 

Gutierrez-Caminero, L., Weber, B., Wurl, J., Carrera-Munoz, M., 2015. Tracing toxic 
elements sources using lead isotopes: An example from the San Antonio-El 
Triunfo mining district, Baja California Sur, Mexico. Applied Geochemistry, 59: 
23-32. 

Hall, R., 1996. Reconstructing Cenozoic SE Asia. Tectonic Evolution of SE Asia. Geol. 
Soc. London Spec. Pub., 106: pp. 154-194. 

Hall, R., Wilson, M.E.J., 2000. Neogene sutures in eastern Indonesia. Journal of Asian 
Earth Sciences, 18(6): 781-808. 

Hamelin, B., Manhes, G., Albarede, F., Allegre, C.J., 1985. PRECISE LEAD ISOTOPE 
MEASUREMENTS BY THE DOUBLE SPIKE TECHNIQUE - A 
RECONSIDERATION. Geochimica Et Cosmochimica Acta, 49(1): 173-182. 

Harden, J.W., 1987. Soils developed in granitic alluvium near Merced, California. 
Geological Survey Bulletin (USA). 

Hassellov, M., von der Kammer, F., 2008. Iron Oxides as Geochemical Nanovectors for 
Metal Transport in Soil-River Systems. Elements, 4(6): 401-406. 

He, J. et al., 2010. Species and distribution of rare earth elements in the Baotou section 
of the Yellow River in China. Environmental Geochemistry and Health, 32(1): 
45-58. 

Helgeson, H.C., 1978. Summary and critique of the thermodynamic properties of rock-
forming minerals. American Journal of Science, 278: 229 p. 

Hochella, M.F., Madden, A.S., 2005. Earth's nano-compartment for toxic metals. 
Elements, 1(4): 199-203. 

Hofmann, A., 1971. FRACTIONATION CORRECTIONS FOR MIXED-ISOTOPE 
SPIKES OF SR, K, AND PB. Earth and Planetary Science Letters, 10(4): 397-
&. 

Hope, G., 2001. Environmental change in the Late Pleistocene and later Holocene at 
Wanda site, Soroako, South Sulawesi, Indonesia. Palaeogeography 
Palaeoclimatology Palaeoecology, 171(3-4): 129-145. 

Hsi, C.K.D., Langmuir, D., 1985. ADSORPTION OF URANYL ONTO FERRIC 
OXYHYDROXIDES - APPLICATION OF THE SURFACE COMPLEXATION 
SITE-BINDING MODEL. Geochimica Et Cosmochimica Acta, 49(9): 1931-
1941. 

Huang, X., Cao, G.L., Liu, J., Prommer, H., Zheng, C.M., 2014. Reactive transport 
modeling of thorium in a cloud computing environment. Journal of Geochemical 
Exploration, 144: 63-73. 

IAEA, 2011. Radiation Protection and NORM Residue Management in the Production 
of Rare Earths from Thorium Containing Minerals, IAEA. 



166 
 

Icopini, G.A., Anbar, A.D., Ruebush, S.S., Tien, M., Brantley, S.L., 2004. Iron isotope 
fractionation during microbial reduction of iron: The importance of adsorption. 
Geology, 32(3): 205-208. 

Ilina, S.M. et al., 2013. Extreme iron isotope fractionation between colloids and 
particles of boreal and temperate organic-rich waters. Geochimica Et 
Cosmochimica Acta, 101: 96-111. 

Imai, N., Terashima, S., Itoh, S., Ando, A., 1995. 1994 compilation of analytical data for 
minor and trace elements in seventeen GSJ geochemical reference 
samples,“Igneous rock series”. Geostandards Newsletter, 19(2): 135-213. 

Ingri, J. et al., 2006. Iron isotope fractionation in river colloidal matter. Earth and 
Planetary Science Letters, 245(3-4): 792-798. 

Izbicki, J.A., Ball, J.W., Bullen, T.D., Sutley, S.J., 2008. Chromium, chromium isotopes 
and selected trace elements, western Mojave Desert, USA. Applied 
Geochemistry, 23(5): 1325-1352. 

Jambor, J.L., Dutrizac, J.E., 1998. Occurrence and constitution of natural and synthetic 
ferrihydrite, a widespread iron oxyhydroxide. Chemical Reviews, 98(7): 2549-
2585. 

Janots, E. et al., 2015. Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite 
profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce 
L-III-edge. Geochimica Et Cosmochimica Acta, 153: 134-148. 

Jarvis, J.C., Wildeman, T.R., Banks, N.G., 1975. RARE-EARTHS IN LEADVILLE 
LIMESTONE AND ITS MARBLE DERIVATES. Chemical Geology, 16(1): 27-
37. 

Johannesson, K.H., Lyons, W.B., Stetzenbach, K.J., Byrne, R.H., 1995. The Solubility 
Control of Rare Earth Elements in Natural Terrestrial Waters and the 
Significance of PO43- and CO32- in Limiting Dissolved Rare Earth 
Concentrations: A Review of Recent Information. Aquatic Geochemistry, 1(2): 
157-173. 

Johannesson, K.H., Lyons, W.B., Yelken, M.A., Gaudette, H.E., Stetzenbach, K.J., 
1996. Geochemistry of the rare-earth elements in hypersaline and dilute acidic 
natural terrestrial waters: Complexation behavior and middle rare-earth element 
enrichments. Chemical Geology, 133(1-4): 125-144. 

Johnson, C.M., Beard, B.L., Beukes, N.J., Klein, C., O'Leary, J.M., 2003. Ancient 
geochemical cycling in the Earth as inferred from Fe isotope studies of banded 
iron formations from the Transvaal Craton. Contributions to Mineralogy and 
Petrology, 144(5): 523-547. 

Johnson, C.M. et al., 2002. Isotopic fractionation between Fe(III) and Fe(II) in aqueous 
solutions. Earth and Planetary Science Letters, 195(1-2): 141-153. 

Johnson, T.M., Bullen, T.D., 2004. Mass-dependent fractionation of selenium and 
chromium isotopes in low-temperature environments. Geochemistry of Non-
Traditional Stable Isotopes, 55: 289-317. 



167 
 

Johnsson, M.J., Ellen, S.D., McKittrick, M.A., 1993. Intensity and Duration of 
Chemical Weathering: An Example from Soil, Clays of the Southeastern Koolau 
Mountains, Oahu, Hawaii. SPECIAL PAPERS-GEOLOGICAL SOCIETY OF 
AMERICA: 147-147. 

Kadarusman, A., Miyashita, S., Maruyama, S., Parkinson, C.D., Ishikawa, A., 2004. 
Petrology, geochemistry and paleogeographic reconstruction of the East 
Sulawesi Ophiolite, Indonesia. Tectonophysics, 392(1-4): 55-83. 

Karathanasis, A.D., 1999. Subsurface migration of copper and zinc mediated by soil 
colloids. Soil Science Society of America Journal, 63(4): 830-838. 

Keinonen, M., 1992. THE ISOTOPIC COMPOSITION OF LEAD IN MAN AND THE 
ENVIRONMENT IN FINLAND 1966-1987 - ISOTOPE RATIOS OF LEAD 
AS INDICATORS OF POLLUTANT SOURCE. Science of the Total 
Environment, 113(3): 251-268. 

Kim, E., Osseo-Asare, K., 2012. Aqueous stability of thorium and rare earth metals in 
monazite hydrometallurgy: Eh-pH diagrams for the systems Th-, Ce-, La-, Nd- 
(PO4)-(SO4)-H2O at 25 degrees C. Hydrometallurgy, 113: 67-78. 

Krahenbuhl, R., 1991. Magmatism, tin mineralization and tectonics of the Main Range, 
Malaysian Peninsula: consequences for the plate tectonic model of Southeast 
Asia based on Rb-Sr, K-Ar and fission track data. Geo. Soc. Malaysia Bull., 29: 
1–100. 

Kuritani, T., Nakamura, E., 2002. Precise isotope analysis of nanogram-level Pb for 
natural rock samples without use of double spikes. Chemical Geology, 186(1-2): 
31-43. 

Kyser, T.K., O'Hanley, D.S., Wicks, F.J., 1999. The origin of fluids associated with 
serpentinization processes: Evidence from stable-isotope compositions. 
Canadian Mineralogist, 37: 223-237. 

Langmuir, D., 1978. URANIUM SOLUTION-MINERAL EQUILIBRIA AT LOW-
TEMPERATURES WITH APPLICATIONS TO SEDIMENTARY ORE-
DEPOSITS. Geochimica et Cosmochimica Acta, 42(6): 547-569. 

Lee, D.E., Bastron, H., 1967. FRACTIONATION OF RARE-EARTH ELEMENTS IN 
ALLANITE AND MONAZITE AS RELATED TO GEOLOGY OF MT 
WHEELER MINE AREA NEVADA. Geochimica et Cosmochimica Acta, 31(3): 
339-&. 

Lee, J.M. et al., 2014. Coral-based history of lead and lead isotopes of the surface 
Indian Ocean since the mid-20th century. Earth and Planetary Science Letters, 
398: 37-47. 

Li, M. et al., 2017. Why was iron lost without significant isotope fractionation during 
the lateritic process in tropical environments? Geoderma, 290: 1-9. 

Liu, S.A. et al., 2014. Copper and iron isotope fractionation during weathering and 
pedogenesis: Insights from saprolite profiles. Geochimica Et Cosmochimica 
Acta, 146: 59-75. 



168 
 

Lovering, T.G., 1976. Lead in the Environment. Geological Survey Professional Paper, 
957. USGS, Washington, DC. 

Mahoney, J.J., Cadle, S.A., Jakubowski, R.T., 2009. Uranyl Adsorption onto Hydrous 
Ferric Oxide-A Re-Evaluation for the Diffuse Layer Model Database. 
Environmental Science & Technology, 43(24): 9260-9266. 

Manceau, A., Llorca, S., Calas, G., 1987. CRYSTAL-CHEMISTRY OF COBALT AND 
NICKEL IN LITHIOPHORITE AND ASBOLANE FROM NEW-
CALEDONIA. Geochimica Et Cosmochimica Acta, 51(1): 105-113. 

Matthews, A., Zhu, X.K., O'Nions, K., 2001. Kinetic iron stable isotope fractionation 
between iron (-II) and (-III) complexes in solution. Earth and Planetary Science 
Letters, 192(1): 81-92. 

McNulty, G.S., 2007. Production of Titanium Dioxide, NORM V International 
Conference, Sevilla, pp. 169–188. 

Medas, D., Cidu, R., De Giudici, G., Podda, F., 2013. Geochemistry of rare earth 
elements in water and solid materials at abandoned mines in SW Sardinia (Italy). 
Journal of geochemical exploration, 133: 149-159. 

Meor Yusoff, M.S., 2012. The Asian Rare Earth Experience and Related Research 
Activities by Nuclear Malaysia. (Malaysian Nuclear Agency). 

Mubroto, B., Briden, J.C., McClelland, E., Hall, R., 1994. PALEOMAGNETISM OF 
THE BALANTAK OPHIOLITE, SULAWESI. Earth and Planetary Science 
Letters, 125(1-4): 193-209. 

Mukai, H. et al., 1993. CHARACTERIZATION OF SOURCES OF LEAD IN THE 
URBAN AIR OF ASIA USING RATIOS OF STABLE LEAD ISOTOPES. 
Environmental Science & Technology, 27(7): 1347-1356. 

Novak, M. et al., 2017. Temporal changes in Cr fluxes and delta Cr-53 values in runoff 
from a small serpentinite catchment (Slavkov Forest, Czech Republic). 
Chemical Geology, 472: 22-30. 

Oba, Y., Poulson, S.R., 2009. Oxygen isotope fractionation of dissolved oxygen during 
abiological reduction by aqueous sulfide. Chemical Geology, 268(3-4): 226-232. 

Ober, J.A., 2018. Mineral commodity summaries 2018, US Geological Survey. 

Ohmoto, H., 1986. STABLE ISOTOPE GEOCHEMISTRY OF ORE-DEPOSITS. 
Reviews in Mineralogy, 16: 491-559. 

Ohmoto, H., Goldhaber, M.B., 1997. Sulfur and carbon isotopes. In: Barnes, H.L. (Ed.), 
Geochemistry of Hydrothermal Ore Deposits. Wiley, New York, pp. 517–611. 

Omar, M., Sulaiman, I., Hassan, A., Wood, A.K., 2007. Radiation dose assessment at 
amang processing plants in Malaysia. Radiat. Prot. Dosim., 124: 400–406. 

Parkinson, C., 1998. Emplacement of the East Sulawesi Ophiolite: evidence from 
subophiolite metamorphic rocks. Journal of Asian Earth Sciences, 16(1): 13-28. 



169 
 

Paulukat, C., Dossing, L.N., Mondal, S.K., Voegelin, A.R., Frei, R., 2015. Oxidative 
release of chromium from Archean ultramafic rocks, its transport and 
environmental impact - A Cr isotope perspective on the Sukinda valley ore 
district (Orissa, India). Applied Geochemistry, 59: 125-138. 

Poitrasson, F., Viers, J., Martin, F., Braun, J.J., 2008. Limited iron isotope variations in 
recent lateritic soils from Nsimi, Cameroon: Implications for the global Fe 
geochemical cycle. Chemical Geology, 253(1-2): 54-63. 

Quantin, C., Becquer, T., Berthelin, J., 2002. Mn-oxide: a major source of easily 
mobilisable Co and Ni under reducing conditions in New Caledonia Ferralsols. 
Comptes Rendus Geoscience, 334(4): 273-278. 

Rajah, S.S., 1979. The Kinta tinfield, Malaysia. Geo. Soc. Malaysia Bull., 11: 111–136. 

Rand, M., Fuger, J., Grenthe, I., Neck, V., Rai, D., 2009. Chemical thermodynamics of 
thorium, Chemical Thermodynamics, vol. 11. OECD Publishing, Paris. 

Rivera, J. et al., 2018. Platinum-group element and gold enrichment in soils monitored 
by chromium stable isotopes during weathering of ultramafic rocks. Chemical 
Geology, 499: 84-99. 

Rojo, I. et al., 2009. Thorium sorption onto magnetite and ferrihydrite in acidic 
conditions. Journal of Nuclear Materials, 385(2): 474-478. 

Romero-Gonzalez, M.R., Cheng, T., Barnett, M.O., Roden, E.E., 2007. Surface 
complexation modeling of the effects of phosphate on uranium(VI) adsorption. 
Radiochimica Acta, 95(5): 251-259. 

Roque-Rosell, J. et al., 2010. Sorption of Ni by "lithiophorite-asbolane" intermediates in 
Moa Bay lateritic deposits, eastern Cuba. Chemical Geology, 275(1-2): 9-18. 

Rounds, S.A., 2012. Alkalinity and Acid Neutralizing Capacity, National field manual 
for the collection of water-quality data. U.S. Geological Survey, pp. 37-41. 

Schoenberg, R., Zink, S., Staubwasser, M., von Blanckenburg, F., 2008. The stable Cr 
isotope inventory of solid Earth reservoirs determined by double spike MC-ICP-
MS. Chemical Geology, 249(3-4): 294-306. 

Seco, F. et al., 2009. Sorption of Th(IV) onto Iron Corrosion Products: EXAFS Study. 
Environmental Science & Technology, 43(8): 2825-2830. 

Serrano, M.J.G., Sanz, L.F.A., Nordstrom, D.K., 2000. REE speciation in low-
temperature acidic waters and the competitive effects of aluminum. Chemical 
Geology, 165(3-4): 167-180. 

Shannon, R.D., 1976. REVISED EFFECTIVE IONIC-RADII AND SYSTEMATIC 
STUDIES OF INTERATOMIC DISTANCES IN HALIDES AND 
CHALCOGENIDES. Acta Crystallographica Section A, 32(SEP1): 751-767. 

Sherman, D.M., Randall, S.R., 2003. Surface complexation of arsenie(V) to iron(III) 
(hydr)oxides: Structural mechanism from ab initio molecular geometries and 
EXAFS spectroscopy. Geochimica Et Cosmochimica Acta, 67(22): 4223-4230. 



170 
 

Silver, E.A., McCaffrey, R., Joyodiwiryo, Y., Stevens, S., 1983. OPHIOLITE 
EMPLACEMENT BY COLLISION BETWEEN THE SULA PLATFORM 
AND THE SULAWESI ISLAND-ARC, INDONESIA. Journal of Geophysical 
Research, 88(NB11): 9419-9435. 

Stookey, L.L., 1970. Ferrozine: a new spectrophotometric reagent for iron. Anal. Chem., 
42: 779–781. 

Stumm, W., Morgan, J.J., 1996. Aquatic chemistry: chemical equilibria and rates in 
natural waters. Environmental science and technology. Wiley. 

Sufriadin et al., 2011. Mineralogical transformation and element distribution in two 
weathering profiles of the Soroako Nickel laterite mining district, Sulawesi, 
Indonesia, International Symposium on Earth Science and Technology 2011, pp. 
447-454. 

Taylor, H.P., 1997. Oxygen and hydrogen isotope relationships in hydrothermal mineral 
deposits. Geochemistry of hydrothermal ore deposits. Wiley, Wiley New York, 
302 pp pp. 

Taylor, K.G., Konhauser, K.O., 2011. Iron in Earth Surface Systems: A Major Player in 
Chemical and Biological Processes. Elements, 7(2): 83-87. 

Theng, B.K.G., Yuan, G.D., 2008. Nanoparticles in the Soil Environment. Elements, 
4(6): 395-399. 

Thompson, A., Ruiz, J., Chadwick, O.A., Titus, M., Chorover, J., 2007. Rayleigh 
fractionation of iron isotopes during pedogenesis along a climate sequence of 
Hawaiian basalt. Chemical Geology, 238(1-2): 72-83. 

Tokashiki, Y., Hentona, T., Shimo, M., Arachchi, L.P.V., 2003. Improvement of the 
successive selective dissolution procedure for the separation of birnessite, 
lithiophorite, and goethite in soil manganese nodules. Soil Science Society of 
America Journal, 67(3): 837-843. 

Traore, D. et al., 2008a. Chemical and physical transfers in an ultramafic rock 
weathering profile: Part 2. Dissolution vs. accumulation of platinum group 
minerals. American Mineralogist, 93(1): 31-38. 

Traore, D. et al., 2008b. Chemical and physical transfers in an ultramatic rock 
weathering profile: Part 1. Supergene dissolution of Pt-bearing chromite. 
American Mineralogist, 93(1): 22-30. 

Trinquier, A., Birck, J.L., Allegre, C.J., 2008. High-precision analysis of chromium 
isotopes in terrestrial and meteorite samples by thermal ionization mass 
spectrometry. Journal of Analytical Atomic Spectrometry, 23(12): 1565-1574. 

UNSCEAR, 2008. Sources and Effects of Ionizing Radiation. Report to the General 
Assembly with Scientific Annexes. In: Sources, vol. I. United Nations 
Pubication, New York. 

Verplanck, P.L., Nordstrom, D.K., Taylor, H.E., Kimball, B.A., 2004. Rare earth 
element partitioning between hydrous ferric oxides and acid mine water during 



171 
 

iron oxidation. Applied Geochemistry, 19(8): 1339-1354. 

Watanabe, Y., 2014. Challenges for heavy rare earth production: lessons from Japan. 
SGA News 34 (1): 10-14. 

Waychunas, G.A., Kim, C.S., Banfield, J.F., 2005. Nanoparticulate iron oxide minerals 
in soils and sediments: unique properties and contaminant scavenging 
mechanisms. Journal of Nanoparticle Research, 7(4-5): 409-433. 

Weng, Z.H., Jowitt, S.M., Mudd, G.M., Haque, N., 2013. Assessing rare earth element 
mineral deposit types and links to environmental impacts. Applied Earth Science 
(Trans. Inst. Min. Metall. B), 122(2): 83-96. 

Weyer, S., Schwieters, J., 2003. High precision Fe isotope measurements with high 
mass resolution MC-ICPMS. International Journal of Mass Spectrometry, 
226(3): 355-368. 

Wiederhold, J.G., 2015. Metal Stable Isotope Signatures as Tracers in Environmental 
Geochemistry. Environmental Science & Technology, 49(5): 2606-2624. 

Wiederhold, J.G. et al., 2006. Iron isotope fractionation during proton-promoted, ligand-
controlled, and reductive dissolution of goethite. Environmental Science & 
Technology, 40(12): 3787-3793. 

Wiederhold, J.G., Teutsch, N., Kraemer, S.M., Halliday, A.N., Kretzschmar, R., 2007a. 
Iron isotope fractionation during pedogenesis in redoximorphic soils. Soil 
Science Society of America Journal, 71(6): 1840-1850. 

Wiederhold, J.G., Teutsch, N., Kraemer, S.M., Halliday, A.N., Kretzschmar, R., 2007b. 
Iron isotope fractionation in oxic soils by mineral weathering and podzolization. 
Geochimica Et Cosmochimica Acta, 71(23): 5821-5833. 

Wille, M. et al., 2018. Silicon and chromium stable isotopic systematics during basalt 
weathering and lateritisation: A comparison of variably weathered basalt profiles 
in the Deccan Traps, India. Geoderma, 314: 190-204. 

Yamakawa, A., Yamashita, K., Makishima, A., Nakamura, E., 2009. Chemical 
Separation and Mass Spectrometry of Cr, Fe, Ni, Zn, and Cu in Terrestrial and 
Extraterrestrial Materials Using Thermal Ionization Mass Spectrometry. 
Analytical Chemistry, 81(23): 9787-9794. 

Yokoyama, T., Makishima, A., Nakamura, E., 1999. Evaluation of the coprecipitation of 
incompatible trace elements with fluoride during silicate rock dissolution by 
acid digestion. Chemical Geology, 157(3-4): 175-187. 

Zanker, H. et al., 2002. The colloid chemistry of acid rock drainage solution from an 
abandoned Zn-Pb-Ag mine. Applied Geochemistry, 17(5): 633-648. 

Zhang, H.X., Xie, Y.X., Tao, Z.Y., 2005. Sorption of uranyl ions on gibbsite: effects of 
contact time, pH, ionic strength, concentration and anion of electrolyte. Colloids 
and Surfaces a-Physicochemical and Engineering Aspects, 252(1): 1-5. 

Zink, S., Schoenberg, R., Staubwasser, M., 2010. Isotopic fractionation and reaction 



172 
 

kinetics between Cr(III) and Cr(VI) in aqueous media. Geochimica Et 
Cosmochimica Acta, 74(20): 5729-5745. 

įûÖǀ, 1988. ő^Ƶğs. è��ĻÚ�×�, á�, ÏÞ, pp. 185 pp. 

  



173 
 

ƅƗ 

ÞƄÉǳŋŤǙ@ĈƣmsmsƼ�sƼĦh Ħȕȗȝȯ�ÄCj�ÛƂłǱ

`ŏ�ǲķŅ±äȅǹǮǼǦǽǲǭǓȂǑN�Ä+Æ»mňŢ%ħǱǳȻ¹�Æu

ǮǠǬÞķŅǲwÍǲñ�ȅ�ǖǬǔǦǧǚȻǤǲơŰǱǓǦǩǬǳƌưǰÕƹȅ5

ǔǬřp¯/�|ǱǞ¹�ǔǦǧǔǦǑǹǦȻķŅǲƭƮTȅÆǖǬǔǦǧǚȻķŅ

Ŧȅ¥Ǣǚǩǘǜȅ�ǖǬǔǦǧǔǦǑǝǝǱĊƅǲ«ȅŲǢȂǑN�ÄÆ»�Ů9

%ħȻǰȀǴǱN�Ä8ÆmFƾq%ħǱǳȻlǛǲÙıǰǞ8źȅǔǦǧǔǦǑÞ

ķŅǲŊ 2 Ň Cr N��.ã´āǲƸĮǱǗǔǬȻ��msĥsƪaĤĿsĿ+

Æ»��=ŰCjǱǳžÊǲƃŴÌāǘȀ.ãǗǿǴȞȹșŹãǹǭ�|ǱǞ¹

�ǔǦǧǔǦǑŊ 3ŇǗǿǴŊ 4Ňǲ FeN��.ãǭǳȻŞMaĤĦhsķŅ³

ķŅdĲ]ƿȘȷșȹ+Æ»īdĖCjǱ4,ĥǘȀ.ãÌāǹǭµűİǰǞÃ

ÂȅǔǦǧǛǮ�ǱȻÙıǰǞ8źȅǔǦǧǔǦǑǹǦȻŞMaĤĦhsķŅ³ǲȐȳ

ȹȷȴȹȯǭǲ�ëǱǓǦǩǬǳȻķŅ¿ƠUǲÌǒǱȔȬȹȟǠǬǔǦǧǔǦǑŊ

4 ŇǲȨȈȹȴȠƃæǗǿǴžÊ½IǭǳȻĨëµűŞMķŅ³ƵğƎđķŅȑȴ

ȹȪķŅUwâ!ƟCjȻȥȔȣȞȈȷmsaƏ�sĿ+Æ»Adi MaulanaCjǗ

ǿǴNmsƵë�sĿ Sufriadin CjǱǞ86ǔǦǧǛǮ�ǱȻÞķŅȅƠǼȂǱǓ

ǦȁÙıǰªfǮƎÊȅÀ�ǠǬǔǦǧǔǦǑǝǝǱĊƅǲ«ȅŲǢȂǑ 

N�ÄĦhaƏsķŅxŀ×ǲÒľ©ùǱǳķŅǱƺȄȂ
<´ŝǚǱǪǔǬ

ǚǼŘǾǘǱÃÂǠǬǔǦǧǔǦǑN³�µűų�UǲƷƈ�ŖqùǱǳȻ.ã?

sǲdĹĵƆǾµűǱǪǔǬǞ8źȅǔǦǧǔǦǑǹǦȻǗ�ÌǱǳŒĽǄǭǽl

ǛǲȔȬȹȟȅǠǬǔǦǧǔǦǑè��ĻȚȴȝȜȐǲ}ŵÔùǱǳȻÞķŅȅƠǼȂ

ǱǓǦȁwǍW(ǲƃƤǘȀ.ãñWǲȰȷȝȡȷȗǱƺǠlmǰǞ86ȅǇǔǦǑ

è��ĻĦhßÊȌȷȖȢȇȳȷȑÜ��ŠqùǮƱėŉqùǱǳ?s.ãǾȞ

ȹșƇƄǱǗǔǬǞ8źǮǞ86ȅǇǔǦǑ 

tíŞnƩǟȆȻȨȲȷȕȗȓ Ȭȹȴ ȐȲȵȷȗǟȆǱǳl¦ǰ�ƇƄǱ§ǡǬǔ



174 
 

ǦǧǚȻƌưǰ8źȅǔǦǧǔǦǑĠǱCjƂłǲ 3 �ƹǭǳȻ�-ŭǟȆȻŵÌŠ

šǟȆȻȨȲȷȕȗ țȎȷȚ ȘȮȚǟȆȻ²ĪƍoqȻNÛǲSĞǟȆȻéüļ7ǟ

ȆǱǳķŅxħĄǭǲūíȅ'ÙǠȻÏǒǲĄ6ȅǇǛǮǮǽǱȻCjƄÉcŋǱǓ

ǦȁŒĽİǱÃǖǬǇǔǦǑǹǦȻÞķŅǮsħħĄȅïǒǰǘǦǨǭÃǖǬǛǧǟǩ

Ǧ��ǲÌǒǮĦhaƏsķŅxǲ%ƕȻ�ƕǲÌǒǱĊǔ¬ƅǲ«ȅŲǢȂǑ 

ǐ Ø�ǱȻmsƼǵǲƠsȅ�¶ǠǠȻ÷ÏǲħĄȅÃǖǬǛǧǟǩǦyÎǱ£ǘ

Ȁ¬ƅǲ«ȅŲǢȂǑ 

 


